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FOREWORD 

The  late  William  Osier  once  said  that  as  the  nineteenth  cen- 
tury had  been  characterized  by  great  advances  in  the  physical 
sciences  and  in  medicine,  the  twentieth  century  would  undoubt- 
edly show  equal  progress  in  mental  sciences.  The  first  quarter 
of  the  twentieth  century  has  borne  out  his  prophecy  through  the 
remarkable  interest  evidenced  by  scientists  and  laymen  alike  in 
the  problem  of  man,  his  mental  characteristics,  and  his  social  re- 
lations. But  as  so  often  happens  where  the  interest  is  great  and 
achievement  is  moderate,  one  does  not  know  where  to  begin.  In 
such  situations  there  are  always  individuals  wiser  than  the  rest, 
who  suggest  that  perhaps  these  are  problems  which  have  no  so- 
lution and  that  we  are  in  the  position  of  the  mice  who  agreed  to 
the  desirability  of  attaching  a  bell  to  the  cat  but  could  find  no 
way  of  accomplishing  it. 

But  one  of  the  most  important  characteristics  of  man  is 
courage,  and  science  has  long  since  given  up  the  belief  in  impos- 
sibilities. There  may  still  be  questions  to  which  there  are  no 
answers,  but  the  scientist  must  prove  this  in  each  instance  before 
he  will  accept  it. 

This  spirit  of  adventure  and  this  enthusiasm  for  attacking 
the  mysteries  of  nature,  together  with  the  need  for  scientific  in- 
formation in  regard  to  the  problems  of  human  behavior  and  hu- 
man relations,  inspired  a  group  of  public-spirited  citizens  of 
Chicago  to  organize  a  campaign  to  secure  subscriptions  for  a 
fund  known  and  incorporated  as  the  "Behavior  Research  Fund," 
to  be  devoted  to  research  in  problems  of  human  behavior. 

In  October,  1926,  this  fund  made  it  possible  to  secure  a  staff 
of  specialists  in  the  fields  which  have  a  bearing  on  problems  of 
behavior  and  conduct,  such  as  psychology,  sociology,  anthro- 
pology, education,  physiology,  and  medicine.  This  staff,  freed 
from  teaching  and  administrative  duties,  were  thus  enabled  to 
devote  all  their  time  to  research.  Through  the  generosity  of  the 
State  of  Illinois,  the  headquarters  and  clinical  material  of  the 
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Institute  for  Juvenile  Research  were  made  available  to  the  Be- 
havior Research  Fund. 

With  the  conclusion  of  its  third  year,  the  Behavior  Research 
Fund  herewith  presents  the  first  volume  of  a  series  of  mono- 
graphs, each  the  report  of  the  results  of  research  in  one  of  the 
fields  mentioned. 

The  monograph  of  Professor  Karl  S.  Lashley  is  the  first 
fruit  of  this  enterprise.  It  may  puzzle  some  that  the  approach  to 
human  behavior  should  lead  through  such  an  apparent  bypath, 
but  a  frontal  attack  is  not  necessarily  the  most  effective.  Na- 
ture's secrets  sometimes  yield  to  an  ambuscade. 

Another  point  of  significance  is  to  be  discerned  in  this  vol- 
ume, to  wit:  the  old  academic  liberty  of  the  Renaissance  is  the 
greatest  safeguard  to  successful  scientific  enterprise.  In  this  day 
of  superorganization,  of  mergers,  and  of  quantity  production, 
one  sees  the  practical  executive  reaching  out  for  control  of  sci- 
entific investigation  and  hoping  to  achieve  fundamental  discov- 
eries by  sheer  weight  of  funds  and  of  m.ass  formations.  But  sci- 
ence, like  art,  does  not  yield  to  such  advances.  Genius  must  have 
freedom  to  show  itself.  This  ideal  of  liberty,  of  freedom  for  the 
scientist,  has  guided  the  subscribers  of  the  Behavior  Research 
Fund  and  its  trustees  in  their  attitude  toward  the  scientific  work- 
ers on  its  staff. 

The  importance  of  this  monograph  is  not  to  be  regarded  as  a 
commitment  on  the  part  of  the  Behavior  Research  Fund  to  con- 
tinue to  produce  similarly  brilliant  results.  Academic  liberty  re- 
quires loyalty  to  the  scientist  not  only  when  he  succeeds  but 
when  his  research  turns  out  a  blank.  We  are  proud  that  after 
only  three  years  of  work  a  monograph  of  this  significance  can  be 
presented. 

Herman  M.  Adler 


PREFACE 

The  experiments  reported  in  the  following  pages  are  a  con- 
tinuation of  a  program,  outlined  some  years  ago,  for  an  analysis 
of  the  neural  mechanisms  which  play  a  part  in  learning.  As  the 
work  has  progressed,  it  has  become  increasingly  clear  that  the 
associative  or  mnemonic  process  cannot  be  sharply  distinguished, 
at  least  in  experimental  procedure,  from  other  psychological 
processes.  Logically  we  may  distinguish  the  solution  of  problems 
by  rational  analysis  or  random  activity,  the  fixation  of  the  solu- 
tion in  memory  (the  "ecphoric"  process  of  Semon),  the  retention 
of  the  memories,  and  their  recall  under  appropriate  conditions. 
But  our  experimental  methods  have  rarely,  if  ever,  dealt  with 
these  processes  in  isolation.  In  particular,  the  studies  of  animal 
learning  have  confused  the  issues,  offering  as  explanations  of  fix- 
ation theories  which  can  apply  only  to  the  mechanism  of  problem- 
solving  and  ignoring  many  of  the  complexities  of  behavior  which 
appear  in  the  learning  even  of  animals  low  in  the  evolutionary 
scale.  These  complexities,  for  which  evidence  is  accumulating 
from  many  sources,  are  incompatible  with  simple  theories  of  con- 
ditioning or  of  learning  by  the  elimination  of  errors,  and  confront 
us  with  a  far  more  difficult  problem  than  is  admitted  by  such 
theories.  In  many  ways  they  suggest  the  behavior  which  we  desig- 
nate as  "intelligent,"  and  it  has  seemed  worth  while  to  attempt  to 
relate  the  results  of  the  present  experiments  to  the  broader  prob- 
lems of  intelligence  rather  than  to  consider  them  only  from  their 
limited  bearing  upon  the  mechanism  of  fixation  of  habits. 

The  whole  theory  of  learning  and  of  intelligence  is  in  confu- 
sion. We  know  at  present  nothing  of  the  organic  basis  of  these 
functions  and  little  enough  of  either  the  variety  or  uniformities 
of  their  expression  in  behavior.  The  concepts  are  so  poorly  de- 
fined that  it  has  not  been  possible  even  to  imagine  a  program  of 
physiological  research  which  seemed  likely  to  reveal  more  than 
superficial  relationships.  Thus  there  is  really  no  starting-point 
for  a  constructive  analysis  of  the  neurological  data  from  these 
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experiments.  I  have  attempted  to  interpret  the  results  in  relation 
to  current  theories  and  have  perhaps  made  wider  applications 
than  their  limited  character  justifies.  The  excuse  for  this  is  that 
it  serves  better  to  emphasize  the  possibilities  of  the  method.  The 
experiments  constitute  the  first  attempt  to  apply  quantitative 
methods  to  both  neurological  and  behavior  data.  They  show  that 
the  method  is  capable  of  giving  consistent  results  relevant  to  the 
fundamental  problems  of  the  nature  and  mechanisms  and  learn- 
ing and  problem-solving. 

The  inferences  drawn  from  the  experiments  seem  to  be  for 
the  most  part  clearly  indicated.  Their  uncertainty  lies  rather  in 
the  lack  of  complete  statistical  reliability  of  the  data  and  in  the 
limited  number  of  situations  studied.  To  remedy  this  defect 
would  require  a  repetition  of  the  experiments  with  perhaps  five 
times  as  many  animals  and  the  extension  of  the  tests  to  thirty  or 
more  well-selected  problems — a  twenty-year  program  at  the 
present  rate  of  progress.  Any  final  conclusions  must  therefore 
await  the  accumulation  of  far  more  evidence  than  we  have  at 
present;  yet  some  of  the  implications  of  these  experiments  are 
clear,  and  their  value  as  a  basis  for  a  more  definite  formulation 
of  the  problems  justifies  the  attempt  at  interpretation. 

The  experiments  in  the  following  study  were  not  originally 
planned  as  a  unitary  attack  upon  a  single  phase  of  the  learning 
problem  but  have  developed  out  of  the  necessity  of  seeking  ex- 
planations for  facts  which  have  evolved  as  the  work  progressed. 
The  study  of  retention  of  the  maze  habit  after  cerebral  lesions 
was  first  in  point  of  time.  It  was  undertaken  primarily  to  dis- 
cover whether  or  not  the  quantitative  relationship  previously 
found  between  cerebral  injury  and  the  retention  of  the  habit  of 
brightness  discrimination  would  hold  for  a  habit  of  a  different 
type.  It  gave  the  result,  unexpected  in  the  light  of  earlier  work, 
that  relearning  of  the  maze  after  cerebral  insult  might  require 
many  times  more  practice  than  initial  learning.  This  led  to  the 
series  of  experiments  dealing  with  the  influence  of  cerebral 
lesions  upon  the  initial  formation  of  a  variety  of  habits,  which  are 
reported  as  logically  first.  The  necessity  for  controls  of  the  sen- 
sory and  motor  components  of  the  habits  called  for  other  experi- 
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merits  on  animals  with  sense  privation  and  with  lesions  to  the 
cerebellum  and  spinal  cord.  These  are  essential  for  the  interpre- 
tation of  all  the  other  data  and  so  are  summarized  separately 
after  the  report  of  the  two  major  experiments.  Taken  altogether, 
the  experiments  give  a  fairly  consistent  and  comprehensive  mass 
of  data  bearing  upon  the  influence  of  cerebral  destruction  upon 
ability  to  solve  and  remember  a  variety  of  problems. 

All  of  the  lesions  to  the  brain  which  are  included  in  the  pres- 
ent study  involve  both  hemispheres,  and  they  are  for  the  most 
part  symmetrical.  We  know  little  of  the  interrelations  of  the  two 
hemispheres.  With  the  development  of  handedness  and  speech 
in  man  there  have  come  certain  specializations  which  are  prob- 
ably absent  in  lower  animals,  yet  it  is  possible  that  even  in  the 
rat  lesions  restricted  to  one  hemisphere  will  give  results  of  an  en- 
tirely different  sort  from  those  reported  here. 

The  greater  part  of  the  experiment  dealing  with  retention  of 
the  maze  habit  after  cerebral  insult  was  completed  in  the  labora- 
tory of  the  Department  of  Psychology  of  the  University  of  Min- 
nesota. I  am  indebted  to  the  University  for  grants  in  support  of 
the  work  and  for  unusual  opportunities  for  research. 

The  remainder  of  the  work  has  been  carried  out  under  the 
Behavior  Research  Fund.  I  am  indebted  to  Professor  C.  J.  Her- 
rick  for  several  critical  discussions  of  the  results  and  for  assist- 
ance and  advice  in  interpreting  the  serial  sections  of  some  of  the 
brains  which  presented  unusual  difficulties. 

K.  S.  L ASHLEY 
Chicago,  Illinois 
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CHAPTER  I 
THEORIES  AND  PROBLEISIS 
In  the  interest  to  measure  intelligence  and  to  deduce  from 
the  results  of  measurement  some  conception  of  the  nature  of  the 
function,  the  problem  of  the  physiological  basis  of  complex  adap- 
tive behavior  has  been  largely  ignored  in  recent  discussions.  This 
is  perhaps  due  less  to  a  lack  of  interest  in  the  fundamental  mech- 
anisms of  intelligent  actions  than  to  a  feeling  that  our  knowledge 
of  the  functions  of  the  brain  is  too  slight  either  to  suggest  any 
positive  clues  as  to  the  nature  of  intelligence  or  to  set  any  limits 
to  speculation  based  upon  data  derived  from  other  sources.  We 
have  thus  a  variety  of  psychological  theories  of  intelligence,  each 
of  which  involves  definite  implications  concerning  the  nature  of 
the  underlying  brain  processes,  but  in  none  of  which  an  attempt 
has  been  made  to  trace  out  these  implications  and  to  evaluate  the 
theory  in  terms  of  their  probability. 

PSYCHOLOGICAL  THEORIES  OF  INTELLIGENCE 

Many  of  the  psychological  theories  of  intelligence  are  de- 
cidedly anim.istic  in  trend  and  fall  wholly  outside  the  scope  of 
scientific  treatment.  Definitions  of  intelligence  as  purposive 
either  save  the  latter  word  at  the  expense  of  its  accepted  meaning 
(Tolman.  1925  a,  b;  Herrick,  1926  b)  or  deny  the  validity  of 
causal  explanation  in  relation  to  it  (INIcDougall,  1923),  and  in 
neither  case  require  special  consideration  in  a  deterministic 
world. 

The  theories  which  seek  a  naturalistic  interpretation  of  intel- 
ligence fall  roughly  into  four  classes,  which,  however,  are  not 
clearly  distinct  in  their  neurological  implications. 

I.  The  unit  factory  theory,  developed  chiefly  by  students  of 
heredity,  recognizes  intelligence  as  a  single^Varlable,  at  least  in 
/    its  genetic  behavior.  The  theory  does  not  rule  out  special  capaci- 
ties but  suggests  that  these  may  be  developed  to  some  extent  in- 
dependently of  the  general  capacity  which  pervades  all  behavior. 
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There  has  been  no  attempt  to  relate  the  function  to  any  brain 
mechanisms.  Seemingly  the  variable  might  correlate  either  with 
the  development  of  a  special  co-ordinating  center,  thus  harmon- 
izing with  doctrines  of  localization,  or  with  the  general  develop- 
ment of  the  brain  as  a  whole.  The  latter  in  turn  might  involve 
complexity  of  anatomical  structure  or  efficiency  of  physiological 
organization,  such  as  delicacy  of  equilibrium  among  reaction 
systems.  Assuming  the  independent  development  of  special  ca- 
pacities, the  theory  would  seem  to  be  more  in  harmony  with  doc- 
trines of  restriction  of  intelligence  to  the  activity  of  association 
centers  than  with  the  belief  that  the  cerebrum  acts  either  as  a 
whole  or  by  the  summation  of  the  specialized  functions  of  its 
parts. 

2.  The  "two-factor"  theory  of  Spearman  (1927)  has  much 
in  common  with  the  genetic  theory,  in  assuming  a  general  factor 
in  addition  to  specific  abilities.  It  differs  in  making  more  definite 
assumptions  concerning  the  specific  contributions  of  the  general 
and  special  factors  to  particular  abilities.  Spearman  is  inclined 
to  interpret  the  general  factor  as  the  total  available  nervous  en- 
ergy at  the  disposal  of  the  individual,  in  spite  of  the  opposition 
on  the  part  of  students  of  nerve  conduction  to  any  concept  of 
general  nervous  energy. 

3.  In  contrast  to  such  views  are  those  which  look  upon  in- 
telligence as  an  algebraic  sum  of  diverse  capacities. 

Thorndike  (1927)  has  given  the  clearest  formulation  of  the 
aggregate  theory  of  intelligence.  He  suggests  that  the  quantity  of 
intelligence  in  any  individual  is  the  result  of  the  number  of  con- 
nections, existing  or  possible,  within  the  nervous  system. 

Let  c  represent  whatever  anatomical  or  physiological  fact  corresponds 
to  the  possibility  of  forming  one  connection  or  association  or  bond  between 
an  idea  or  any  part  or  aspect  or  feature  thereof  and  a  sequent  idea  or  move- 
ment or  any  part  or  aspect  or  feature  thereof.  Then  if  individuals  I,  I„  I3, 
I^,  etc.,  differing  in  the  number  of  c's  which  they  possess  but  alike  in  other 
respects,  are  subjected  to  identical  environments,  the  amount  or  degree  of 
intellect  which  any  one  of  them  manifests,  and  the  extent  to  which  he  mani- 
fests "higher"  intellectual  processes  than  the  other  individuals,  will  be  close- 
ly proportional  to  the  number  of  c's  which  he  possesses.  If  we  rank  them  by 
intelligence  examination  scores,  the  order  will  be  that  of  the  number  of  c's. 
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If  we  rank  the  intellectual  processes  in  a  scale  from  lower,  such  as  mere  in- 
formation, to  higher,  such  as  reasoning,  the  individuals  who  manifest  the 
highest  processes  will  have  the  largest  number  of  c's. 

In  addition  to  the  number  of  connections  available,  Thorndike 
suggests  that  the  "capacity  of  the  neurones  to  act  with  reference 
to  one  another,"  by  which  he  seems  to  mean  the  union  of  all  con- 
nections in  some  common  integration,  may  also  be  a  factor  in  in- 
telligence; and  he  mentions  various  motivating  agents  as  further 
conditions  for  the  expression  of  the  potential  intelligence  deter- 
mined by  the  number  of  bonds. 

4.  The  configuration  h\qDothesis.  The  conception  of  intel- 
ligence growing  out  of  the  work  of  the  Gestalt  school  is  evidently 
different  from  the  foregoing,  although  it  has  not  been  elaborated 
in  relation  to  the  problem  of  individual  differences.  An  intelli- 
gent act  is  one  in  which  the  elements  of  a  situation  are  united  in  a 
significant  configuration,  and  individual  differences  in  intelli- 
gence result  from  the  possession  of  fewer  or  more  modes  of  relat- 
ing experience.  Thus  Koffka  (1925)  describes  the  development 
of  the  child's  intelligence  in  terms  of  the  successive  acquisition  of 
such  configurations  as  the  object-name  relation,  prenumerical 
constructs,  and  the  like.  The  theory  seems  to  involve  the  concep- 
tion that  each  increment  of  intelligence  in  the  individual  involves 
a  qualitatively  different  organization  from  the  last.  This  would 
outlaw  the  current  conceptions  of  quantitative  differences  in  in- 
telligence, and  the  attempts  to  express  the  growth  of  intelligence 
upon  a  continuous  scale.  It  implies  also  a  distinct  type  of  neuro- 
logical theory,  departing  widely  from  the  more  generally  accept- 
ed views  of  the  fundamental  nervous  mechanisms  and  preclud- 
ing any  simple  quantitative  relationship  between  neural  organ- 
ization and  intellectual  level. 

NEUROLOGICAL  THEORIES 

Neurologists  of  the  last  century  were  much  interested  in  the 
nature  of  intelligence  and,  although  their  conceptions  of  the 
problem  were  less  definite,  or  perhaps  merely  less  technical,  than 
the  current  psychological  ones,  they  expressed  the  main  theses  of 
all  the  current  psychological  doctrines.  Their  theories  represent 
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three  fairly  distinct  points  of  view.  The  weight  of  opinion  favors 
one  of  these,  but  the  actual  evidence  still  leaves  their  relative 
value  undetermined. 

I.  Dynamic  theory. — Flourens  (1842)  maintained  that  in- 
telligent behavior  is  an  indivisible  function  of  the  activity  of  the 
entire  cerebrum.  He  did  not  speculate  concerning  its  mechanism 
beyond  implying  that  it  represented  a  summation  of  the  energy 
of  the  whole  organ. 

The  cerebral  hemispheres  are  the  sole  organs  for  the  perceptions  and 

volitions All  perceptions  and  volitions  have  the  same  distribution 

in  the  hemispheres;  the  faculties  of  perceiving,  understanding,  and  willing 

constitute  a  single  function  which  is  essentially  unitary Excitation 

of  one  point  in  the  nervous  system  involves  all  others;  there  is  community 
of  reaction,  of  changes,  of  energy.  Unity  is  the  great  principle  which  rules, 
is  universal,  dominates  all.  The  nervous  system  forms  a  single  unified 
system. 

Goltz  (1881)  followed  Flourens  in  contending  that  intelli- 
gence cannot  be  dissociated  into  subordinate  functions  having 
separate  localization  in  the  brain.  He  denied  emphatically  that 
the  dementia  produced  in  dogs  by  ablation  of  portions  of  the 
cerebral  hemispheres  is  referable  to  any  sort  of  a  sensory  defect, 
and  considered  that  it  is  of  essentially  the  same  type  after  lesions 
to  any  area.  He  stresses  the  relation  between  the  degree  of  de- 
mentia and  the  extent  of  destruction. 

We  may  again  affirm  that  every  injury  of  the  cortex  of  the  two  hemi- 
spheres seriously  impairs  the  intelligence,  has  dementia  as  a  consequence. 
The  conclusion  of  Flourens  that  after  partial  removal  of  the  cerebrum  the 
intelligence  is  not  reduced  is  only  correct  in  part.  After  removal  of  the  cor- 
tex of  one  hemisphere  the  intelligence  is  in  many  cases  not  noticeably  influ- 
enced. But  whenever  both  hemispheres  are  involved  to  an  equal  extent  the 
disturbance  of  intelligence  is  significant  and  perm.anent.  In  general,  one  may 
affirm  that  the  degree  of  dementia  is  proportionate  to  the  spacial  extent  of 
the  lesion.  After  removal  of  both  posterior  quadrants  the  dementia  appears 
to  be  more  striking  than  after  removal  of  the  anterior.  But  the  surface  of 
the  former  is  appreciably  greater  than  that  of  the  latter.  An  animal  with 
the  posterior  half  of  one  hemisphere  and  the  anterior  half  of  the  other  de- 
stroyed approaches  the  mean  between  animals  with  the  anterior  and  those 
with  the  posterior  quadrants  destroyed.  The  dementia  after  removal  of  three 
quadrants  is  severe  and  most  severe  of  all  after  destruction  of  the  four 
quadrants. 
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Attempting  to  define  the  nature  of  the  dementia,  Goltz  was 
led  to  ascribe  it  to  a  general  defect  in  attention  rather  than  to  a 
loss  of  any  special  systems  of  sensations  or  ideas.  After  cerebral 
lesions  the  animal  is  not  able  to  attend  exclusively  to  any  one 
group  of  stimuli  and  so  cannot  integrate  the  stimuli  intelligently. 
This  definitely  implies  that  intelligence  is  dependent  upon  some 
function  of  all  parts  of  the  cerebrum,  a  function  which  is  qualita- 
tively the  same  and  varies  only  in  quantity. 

Loeb  (1902)  has  been  almost  the  only  writer  of  the  present 
century  to  uphold  this  view.  He  summarized  his  own  results  and 
those  of  Goltz,  together  with  a  few  clinical  cases,  and  found  the 
evidence  opposed  to  the  restriction  of  "associative  memory"  to 
any  part  of  the  cerebrum.  From  various  sources  of  evidence  on 
the  mutual  influence  of  rhythmic  activities  of  the  nervous  sys- 
tem he  evolved  a  theory  that  cerebral  integration  consists  of  the 
establishment  of  functional  periodicities  among  the  parts  of  the 
cortex  such  that  associations  are  called  out  by  resonance.  Differ- 
ent amounts  of  intelligence  are  dependent  upon  the  degree  of  de- 
velopment of  the  resonating  properties  of  the  cerebrum. 

Such  views  of  the  unitary  nature  of  intelligence  and  the  qual- 
itatively similar  participation  of  all  parts  of  the  cerebrum  in  the 
function  have  fallen  completely  into  disrepute  through  the  dom- 
inance of  associationist  doctrines  in  neurology  and  psychology 
and  the  accumulation  of  neurological  evidence  for  specialization 
of  parts  of  the  cerebral  cortex.  Such  views  as  those  of  Goltz  seem 
incapable  of  particularization.  We  cannot  apply  them  to  explain 
the  characteristics  of  loss  in  any  form  of  dementia;  and  we  can 
form  no  conception,  on  the  basis  of  his  observations,  of  how  a 
unified  mass  of  nervous  tissue  may  function  in  diverse  activities 
with  a  degree  of  efficiency  solely  proportional  to  its  quantity. 
The  theory  is  thus  less  satisfactory  than  the  more  analytic  ones 
involving  localization.  The  latter  are  therefore  to  be  preferred 
unless  the  dynamic  theory  can  be  worked  out  in  more  detailed  ap- 
plication to  the  facts  or  unless  the  evidence  in  favor  of  a  unitary 
function  becomes  overwhelming. 

2.  Theory  of  aggrcgatioti. — A  second  theory,  early  expressed, 
was  that  derived  by  Munk  (1909)  from  his  work  upon  sensory 
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localization.  Munk  divided  the  cerebrum  into  a  number  of  pri- 
mary ''sensory  spheres" — visual,  auditory,  tactile,  etc. — in  each 
of  which  he  believed  the  images  and  ideas  associated  wdth  a  sin- 
gle mode  of  sensation  are  stored  and  elaborated.  Intelligence  was 
conceived  as  the  aggregate  of  all  these  products  of  the  single  sen- 
sory spheres,  brought  together  by  the  manifold  interconnections 
between  them.  *'....  I  considered  the  whole  cerebral  cortex, 
the  aggregate  of  all  the  sensory  spheres,  to  be  the  seat  of  the  in- 
telligence, which  I  defined  as  the  combination  and  product  of  all 
the  ideas  arising  from  the  sense-perceptions."  For  Munk  the  in- 
terconnections between  the  sensory  spheres  were  adequate  for 
the  most  complex  integrations  and  there  was  no  need  for  the  pos- 
tulation  of  any  specialized  association  centers  or  areas  devoted 
to  the  higher  intellectual  processes. 

With  this  view  Monakow  (1914)  to  a  certain  extent  concurs. 
He  considers  the  evidence  inadequate  to  establish  any  special  in- 
tellectual function  in  the  ''association  areas,"  and  points  out  that 
whereas  simple  sensory  and  motor  functions  may  be  definitely 
localized,  the  more  complex  processes  of  memory  involve  the  co- 
ordination of  many  diverse  sensory  and  motor  processes  individ- 
ually localized  in  diverse  parts  of  the  cortex  and  hence  incapable 
of  inclusion  within  any  single  insular  area. 

Between  the  adherents  of  this  view  and  the  proponents  of 
the  doctrine  of  special  association  areas  controversy  has  raged 
continuously  for  the  past  fifty  years. 

3.   Theories  of  localization. — Following  the  reaction  against 

Gall's  phrenology,  Broadbent  (1872)  and  Hitzig  (1884)  were 

the  first  to  reassert  the  existence  of  specialized  areas  of  the 

cerebrum  particularly  concerned  with  intelligence".    Discussing 

!^^  Munk's  position,  Hitzig  stated  (1884) : 

I  agree  heartily  that  the  intelligence — better  called  the  store  of  ideas — 
is  to  be  sought  in  all  parts  of  the  cortex — better  again  to  say  all  parts  of  the 
brain.  But  I  insist  that  abstract  thinking  demands  a  special  organ  and  this  I 
I    seek  provisionally  in  the  frontal  lobes. 

Such  views  received  support  from  Flechsig's  distinction  between 
association  and  projection  areas,  although  Flechsig  emphasized 
the  importance  of  the  parietal  rather  than  of  the  frontal  area  as 
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the  part  chiefly  concerned  in  intellectual  activities;  and  the  ma- 
jority of  recent  writers  has  concurred  in  assigning  great  im- 
portance to  the  association  areas  in  all  intellectual  activities.  The 
evidence  advanced  has  been  of  three  sorts:  anatomical,  experi- 
mental, and  clinical. 

Bolton  (1903,  1909)  has  offered  the  most  direct  anatomical 
evidence.  He  examined  histologically  a  number  of  cases  of  amen- 
tia and  dementia  and  found  a  reduction  in  the  thickness  of  the 
cerebral  cortex  and  in  the  number  of  well-developed  neurons 
(particularly  in  the  pyramidal  layers)  in  all.  These  deviations 
from  the  normal  condition  were  most  evident  in  the  prefrontal 
region  and  led  him  to  conclude: 

The  great  anterior  center  of  association,  lying  in  the  prefrontal  region, 
is  underdeveloped  on  the  one  hand  in  all  grades  of  mental  deticiency,  and 
on  the  other  undergoes  primary  atrophy  pari  passu  with  the  development  of 
dementia ;  it  is  therefore  the  region  of  the  cerebrum  which  is  concerned  with 
the  highest  co-ordinating  and  associational  processes  of  the  mind. 

The  material  presented  by  Bolton  establishes  the  lesser  develop- 
ment or  degeneration  of  the  cortex  in  cases  of  defective  intelH- 
gence,  but  the  evidence  for  the  special  importance  of  the  frontal 
lobes  is  by  no  means  final.  The  number  of  cases  studied  was  not 
large;  and,  although  many  measurements  were  made  from  each 
brain  examined,  the  results  are  not  presented  in  such  a  way  as  to 
establish  their  statistical  validity.  Only  the  prefrontal  and  the 
'Visuo-psychic"  and  "visuo-sensory"  areas  were  compared. 
Moreover,  exact  measurements  of  the  depth  of  cortical  lamina- 
tions are  exceedingly  difficult;  and,  owing  to  the  indefinite 
boundaries  of  the  layers,  the  personal  equation  of  the  investiga- 
tor must  enter  in.  Bolton  himself  states  that  measurements  in  the 
frontal  region  can  be  made  more  accurately  than  in  other  areas, 
and  thus  it  is  by  no  means  clear  that  the  closer  correspondence 
between  depth  of  laminations  and  degree  of  intelligence  in  the 
frontal  than  in  the  visual  areas  is  a  matter  of  fact  rather  than  a 
result  of  the  more  accurate  measurements  possible  in  the  frontal 
region. 

Hammarberg  (1895),  examining  a  larger  number  of  areas 
histologically,  found  the  greatest  cell  deficiency  in  aments  vary- 
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ing  from  area  to  area,  not  infrequently  in  the  precentral  and  post- 
central gyri,  and  gave  no  intimation  of  a  greater  deficiency  in  the 
association  areas  than  in  other  parts  of  the  cortex. 

The  experimental  work  bearing  upon  the  localization  of  in- 
telligence has  been  most  adequately  summarized  by  Bianchi 
(1922).  He  reviews  the  anatomical  and  experimental  evidence 
and  develops  a  theory  of  hierarchies  of  correlating  centers,  of 
which  the  frontal  lobes  form  the  highest  level.  To  the  parietal 
and  temporal  association  areas  he  assigns  a  subordinate  role, 
which  nevertheless  is  of  great  importance: 

The  temporal  lobe  contributes  to  the  formation  and  manifestation  of 
the  intellect  not  only  by  means  of  the  simple  auditory  images,  which  repre- 
sent one  of  the  modes  by  which  the  world  is  revealed  to  us,  but  especially  by 
means  of  language.  It  is  by  means  of  language  that  we  are  enabled  to  re- 
compose  in  our  minds  our  world  of  cognitions,  along  with  the  ever-growing 
and  manifold  network  of  our  social  relations,  which  offer  an  ever-increasing 
scope  for  the  exercise  and  development  of  intellect. 

Thus  he  recognizes  the  contribution  of  various  parts  of  the  cere- 
brum to  intelligent  acts  but  considers  that  their  diverse  functions 
are  finally  integrated  through  the  activity  of  a  specialized  co- 
ordinating center.  He  asks, 

Does  there  exist  a  cerebral  organ  which  has  the  faculty  of  using  the 
mental  products  of  the  sensory  areas  of  the  cortex  for  the  construction  of 
mental  syntheses  more  suited  for  the  spiritualisation,  and  hence  the  cogni- 
tion, of  nature,  an  organ  giving  rise  to  reactions  upon  the  world  which,  on 
the  basis  of  individual  and  collective  experience,  permit  a  higher  adaptation 
of  the  individual  to  his  physical  and  social  environment,  an  organ  which 
renders  possible  the  unfolding  of  a  long  process  of  logically  connected 
thought? 

To  this  question  he  gives  emphatic  affirmation,  finding  the  high- 
est level  of  integration  in  the  frontal  lobes.  His  conception  of  in- 
telligence differs  from  that  to  which  methods  of  mental  testing 
have  given  rise;  in  some  respects  it  corresponds  more  to  the  psy- 
chological definition  of  personality,  but  some  of  his  discussions 
suggest  that  he  ascribes  to  the  frontal  lobes  more  than  this  final 
synethesis,  that  he  considers  them  of  primary  importance  for  all 
of  the  acts  which  we  are  accustomed  to  regard  as  intelligent. 
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Certainly  the  picture  which  he  strives  to  deduce  from  his  pro- 
tocols of  experiments  is  one  of  general  dementia. 

These  experiments  which  he  reports  seem  to  me  far  from 
conclusive.  True,  they  demonstrate  a  serious  deterioration  in 
dogs  and  monkeys  after  destruction  of  the  frontal  lobes,  but 
there  are  no  controls  to  show  that  lesions  of  equal  extent  in  other 
parts  of  the  cortex  are  not  attended  by  an  equal  deterioration. 
He  reports  experiments  on  hwe  dogs  and  eight  monkeys.  In  some 
of  the  dogs  he  injured  other  areas  than  the  frontal  without  find- 
ing deterioration,  but  these  lesions  were  unilateral  and  of  no  great 
extent.  In  the  m.onkeys  he  reports  no  lesions  outside  of  the  fron- 
tal field.  Without  an  equivalent  series  of  cases  with  lesions  of 
equal  extent  in  other  regions  than  the  frontal,  the  experiments 
prove  nothing  concerning  the  localization  of  intelligence. 

The  observations  of  Franz  (1902,  1907)  upon  the  loss  of 
habits  following  destruction  of  the  frontal  lobes  show  a  localiza- 
tion of  habits  wnthin  this  area;  but,  since  his  animals  relearned 
the  problems  without  significant  retardation,  the  results  are  di- 
rectly opposed  to  those  of  Bianchi  and  indicate  that  the  animals 
are  not  demented  after  destruction  of  the  frontal  lobes. 

The  first  clinical  study  in  which  the  precaution  of  comparing 
systematically  the  symptoms  of  frontal-lobe  injury  with  those  of 
lesions  in  other  parts  of  the  cerebrum  is  that  of  Feuchtwanger 
(1923),  who  compared  two  hundred  cases  of  frontal  lesion  with 
an  equal  number  of  cases  with  injuries  in  other  regions.  He 
found  no  characteristic  defects  of  intellect  in  the  frontal  cases. 
There  were  emotional  and  temperamental  changes,  but  intelli- 
gence was  affected  only  in  so  far  as  it  seems  to  be  conditioned  by 
emotional  factors.  He  concludes,  "Certainly  we  must  say  that 
the  intellect  and  the  functions  implying  it,  perception,  memory, 
thinking,  the  flow  of  movements  and  of  skilled  acts,  are  not  spe- 
cifically disturbed."  The  character  changes  noted  may  fit  in  with 
Bianchi's  conception  of  intelligence,  which  is  none  too  clearly  de- 
fined, but  are  certainly  distinct  from  the  sort  of  thing  which  we 
seek  to  measure  by  intelligence  tests. 

Many  of  the  recent  studies  upon  symptoms  arising  from  in- 
juries restricted  to  sensory  or  "sensoripsychic"  areas  suggest 
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that  disturbances  of  function  which  have  previously  been  classed 
as  purely  sensory  actually  resemble  disorders  of  intellect  rather 
than  a  lowered  sensory  efficiency  (e.g.,  the  series  of  cases  re- 
viewed by  KliJver,  1927).  Such  observations  suggest  that  the  in- 
tellectual achievements  of  single  sensory  areas  are  not  slight  and 
that  the  defects  resulting  from  injuries  to  the  areas  need  not  be 
fundamentally  different  in  kind  from  certain  aspects  of  what  we 
call  "general  dementia." 

From  the  lack  of  reliable  quantitative  measurements  of  in- 
telligence, the  inadequacy  of  the  histological  study  of  the  brain  in 
many  instances,  and  the  failure  to  take  into  account  the  absolute 
magnitude  of  the  injuries  in  the  frontal  and  other  regions,  the  ex- 
isting literature  upon  the  functions  of  the  association  areas  is  of 
no  great  value  for  the  problem  of  intelligence.  It  certainly  fails 
to  establish  that  these  areas  are  of  any  more  importance  for  intel- 
ligent behavior  than  are  any  other  portions  of  the  cerebral  cortex. 
The  doctrine  of  hierarchies  of  organization  within  the  central 
nervous  system  with  a  supreme  organizing  center  as  the  agent  for 
the  most  elaborate  integrations,  a  seat  of  the  higher  intellectual 
faculties,  is  not  established,  however  useful  it  may  have  been  as 
an  aid  to  the  schematic  representation  of  neural  function. 

This  brief  sketch  of  psychological  and  neurological  theories 
of  intelligence  will  serve  to  show  the  diversity  of  opinions  still 
held  concerning  the  nature  and  mechanism  of  the  function  and 
will  help  to  define  our  problem  when  we  seek  to  analyze  the  brain 
processes  which  are  essential  to  intelligent  activity.  The  most 
fundamental  diffei^nce  among  the  theories  is  with  respect  to  the 
unity  of  intelHgence.  By  one  group  it  is  regarded  as  an  aggre- 
gate of  the  separate  efficiencies  of  specialized  faculties  (Munk, 
Monakow,  Thorndike) ;  by  the  other,  as  a  unitary  function  which 
transcends  the  special  capacities  and  adds  to  or  subtracts  from 
their  several  efficiencies  (Hitzig,  Bianchi,  Spearman).  The  ad- 
herents of  the  latter  view  are  again  divided  with  respect  to  the 
mechanisms  involved.  The  extreme  localizationists  consider  that 
intelligence  consists  of  a  special  manner  of  integrating  the  prod- 
ucts of  the  sensory  fields,  as  in  the  operation  of  Hitzig's  center 
for  abstract  thinking.  A  more  moderate  view  is  embodied  in  the- 
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ories,  like  that  of  Bianchi,  that  the  association  centers  add  only  a 
final  stage  of  integration  to  the  connections  already  established 
within  the  functionally  lower  levels  of  the  cortex;  being  thus  true 
co-ordinating  centers  rather  than  regions  for  special  kinds  of 
elaboration.  Finally  there  are  the  doctrines  of  Goltz  and  Loeb, 
concurred  in  to  some  extent  by  Spearman's  theory  of  nervous 
energy,  maintaining  that  intelligence  is  a  dynamic  function  of  the 
whole  cortex  acting  as  a  unit  rather  than  by  the  summation  of 
qualitatively  diverse  functions.  None  of  the  theories  seems  clear- 
ly established  by  the  existing  evidence.  On  the  whole  the  psy- 
chological evidence  seems  to  favor  the  existence  of  some  single 
variable  like  Spearman's  g,  in  addition  to  special  abilities;  but 
whether  this  represents  the  activity  of  a  special  co-ordinating 
center,  the  general  physiological  level  of  efficiency  of  the  whole 
brain,  or  some  wholly  unknown  mechanism,  like  Loeb's  capacity 
for  resonance,  is  still  an  open  question. 

The  whole  problem  is  in  confusion.  It  is  uncertain  whether 
we  are  justified  in  dealing  with  intelligence  as  a  single  function, 
as  an  algebraic  sum  of  all  functions,  or  as  the  sum  of  a  few  select- 
ed ones.  There  is  further  involved  the  problem  of  valuation.  So 
long  as  we  judge  intelligence  in  terms  of  the  effectiveness  of  inte- 
gration (success  in  life  or  school,  for  example) ,  we  are  unlikely  to 
discover  any  simple  physiological  correlate.  On  the  other  hand, 
attempts  to  formulate  it  in  terms  of  the  completeness  or  complex- 
ity of  integration  are  baffled  by  the  lack  of  any  objective  measure 
of  these  attributes.  The  only  hope  of  solution  of  such  difficulties 
seems  to  lie  in  an  exhaustive  study  of  the  interdependence  of  va- 
rious specific  activities  of  the  organism.  Spearman's  general  fac- 
tor and  Thorndike's  "Intellect  CxWD"  present  results  of  a  satis- 
factory method,  but  both  must  be  carried  much  farther  before 
definite  correspondences  to  physiological  variates  can  be  re- 
vealed. 

The  concept  of  intelligence  is  becoming  essentially  a  statisti- 
cal one;  it  is  the  correlation  between  certain  of  the  activities  of 
the  organism  which  are  closely  related  among  themselves  and 
relatively  independent  of  other  activities.  Among  such  groupings 
of  activities,  what  correlatives  constitute  intelligence,  as  opposed 
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to  other  capacities?  There  is  no  accepted  statement  which  really 
defines  the  concept.  Thorndike  suggests  correlation  with  the 
"trait  which  sensible  people,  psychologists,  and  teachers  rate  as 
intellect."  Spearman's  g  is  the  common  factor  in  the  results  of 
intelligence  tests  and  so,  likewise,  appeals  ultimately  to  intuitive 
recognition  of  the  function.  These  approaches  thus  leave  us  no 
better  off  in  understanding  the  nature  of  intelligence,  yet  they  do 
establish  beyond  question  the  existence  of  some  variable  factor 
which  in  part  determines  the  individual's  effectiveness  in  a  va- 
riety of  activities.  That  this  is  primarily  a  function  of  the  activ- 
ity of  nervous  tissue  and  that  its  nature  is  thus  finally  to  be  stated 
in  terms  of  the  mechanisms  of  the  brain  seems  certain. 

THE  PROBLEM  OF  INTELLIGENCE  IN  EXPERIMENTS  WITH 
ANIMALS 

The  complexities  of  human  behavior  in  test  situations  have 
given  little  indication  of  the  nature  of  the  brain  mechanisms.  It 
is  possible  that  a  more  direct  attack  upon  the  latter  may  reveal 
more  of  the  nature  of  the  general  factor.  Such  a  direct  approach 
can  be  made  only  through  experimental  studies  with  animals,  and 
the  difficulties  of  definition  and  interpretation  are  not  lessened 
when  we  turn  to  the  field  of  comparative  psychology.  We  are 
confronted  with  the  problem  of  identifying  the  behavior  of  our 
animal  subjects  with  those  aspects  of  human  behavior  which  we 
call  "intelligent";  and  this  is  especially  difficult  if  the  work  is 
with  animals  low  in  the  evolutionary  scale,  having  restricted  sen- 
sorimotor capacities  and  a  limited  range  of  activities. 

Formulations  of  the  problem  in  the  past  have  been  quite  ar- 
bitrary. The  criteria  of  intelligence  most  frequently  used  have 
been  either  the  capacity  to  learn  or  the  appearance  of  insight. 
Loeb  (1902)  practically  identified  associative  memory  with  in- 
telligence, and  in  this  followed  the  lead  of  earlier  physiologists 
and  has  been  followed  in  turn  by  many  students  of  animal  be- 
havior. Yerkes  (1927)  and  Kohler  (1921),  on  the  other  hand, 
have  stressed  the  role  of  insight  and  have  distinguished  intelli- 
gence rather  sharply  from  mechanical  learning. 
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Neither  of  these  approaches  to  the  problem  seems  altogether 
satisfactory.  There  are  some  instances  of  associative  memory, 
such  as  the  conditioned  glandular  reflexes,  which  do  not  conform 
to  our  intuitional  judgments  of  intelligence  and  which  would  be 
classified  as  unintelligent  by  the  majority  of  students.  Certainly, 
to  say  that,  because  the  amoeba  can  form  a  simple  association 
(Mast  and  Pusch,  1918),  it  exhibits  a  low  form  of  intelligence 
helps  us  not  at  all  to  understand  either  the  mechanism  of  intelli- 
gence in  man  or  the  "mind  of  amoeba."  We  cannot  now  draw  any 
satisfactory  line  between  intelligent  and  unintelligent  associative 
memory,  and  the  term  used  without  restriction  includes  too  much. 
On  the  other  hand,  those  who  define  intelligence  in  terms  of  in- 
sight tend  to  limit  the  latter  concept  too  sharply.  The  essence  of 
insight,  by  the  definition  of  the  Gestalt  school,  is  responsiveness 
to  configurations,  that  is,  in  a  more  behavioristic  terminology,  re- 
sponsiveness to  the  relationships  of  the  physical  elements  of  the 
stimulating  situation  rather  than  to  the  isolated  elements.  This 
type  of  behavior  is  not  restricted  to  the  execution  of  "intelligent" 
tasks.  The  definition  applies  as  well  to  some  of  the  tropistic  re- 
sponses of  insects  (e.g.,  where  the  direction  of  orientation  is  de- 
termined by  the  relative  intensity  of  two  sources  of  light)  as  to 
the  behavior  of  the  chimpanzee. 

There  is  thus  little  more  hope  of  finding  a  satisfactory  for- 
mulation of  animal  intelligence  than  of  human,  and  we  must  fall 
back  upon  the  same  method  of  analysis  which  seems  to  promise 
an  empirical  solution  of  the  human  problem,  the  determination 
of  intercorrelations  among  specific  activities.  The  one  advantage 
of  the  infrahuman  subjects  lies  in  the  fact  that  we  may  control 
directly  some  of  the  nervous  functions  and  test  their  correlation 
with  the  traits  of  behavior.  Can  we  find  in  animals  a  constella- 
tion of  activities,  correlating  among  themselves,  having  some  of 
the  attributes  of  human  intelligence,  and  capable  of  modification 
through  experimental  control  of  nervous  functions?  If  so,  there 
is  a  chance  for  insight  into  the  nature  of  the  variable  which  is  re- 
sponsible for  the  correlations,  for  a  neurological  account  of  in- 
telligence. 
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OBJECT  OF  THE  PRESENT  EXPERIMENTS 

The  experiments  to  be  reported  are  an  attempt  to  sample  the 
activities  of  the  rat,  to  determine  the  correlations  among  them, 
and  to  test  the  influence  of  certain  neurological  variables  upon 
them.  The  limited  number  of  tests  and  of  subjects  tested  is  an 
unavoidable  defect  of  the  study.  The  selection  of  tests  may  be 
more  justly  criticized.  They  all  deal  with  some  aspect  of  the 
learning  process,  and  its  relation  to  the  problem  of  intelligence  is 
not  yet  clearly  established. 

The  great  majority  of  recent  discussions  of  learning  in  ani- 
mals have  developed  under  the  influence  of  the  doctrine  of  ran- 
dom activities  and  the  elimination  of  useless  movements.  Habits 
are  conceived  as  successions  of  movements,  isolated  save  for  sim- 
ple associations  with  the  preceding  and  subsequent  links  of  the 
chain,  as  simple  concatenations  of  conditioned  reflexes.  Such  a 
view  precludes  any  attempt  to  relate  the  findings  from  studies  of 
animal  learning  with  human  insight  or  reactions  to  relations.  Ca- 
pacity to  memorize  has  shown  but  low  correlations  with  intelli- 
gence, measured  by  other  criteria;  and,  to  the  extent  that  our 
studies  of  learning  in  animals  are  what  they  have  purported  to 
be,  measures  of  mnemonic  capacity,  they  are  irrelevant  to  the 
problem  of  intelligence. 

I  began  the  study  of  cerebral  function  with  a  definite  bias 
toward  such  an  interpretation  of  the  learning  problem.  The  orig- 
inal program  of  research  looked  toward  the  tracing  of  condi- 
tioned-reflex arcs  through  the  cortex,  as  the  spinal  paths  of  sim- 
ple reflexes  seemed  to  have  been  traced  through  the  cord.  The 
experimental  findings  have  never  fitted  into  such  a  scheme. 
Rather,  they  have  emphasized  the  unitary  character  of  every 
habit,  the  impossibility  of  stating  any  learning  as  a  concatena- 
tion of  reflexes,  and  the  participation  of  large  masses  of  nervous 
tissue  in  the  functions  rather  than  the  development  of  restricted 
conduction-paths. 

Likewise,  attempts  to  analyze  the  maze  and  problem-box 
habits  in  terms  of  adequate  stimulus  and  conditioned-reflex  re- 
sponse have  indicated  that  the  problem  is  far  from  solved  by  the 
simple  mechanical  theories  of  learning.  Random  activity,  asso- 


THEORIES  AND  PROBLEMS  15 

ciation,  and  retention  constitute  only  a  small  part  of  the  totality 
of  processes  underlying  the  formation  of  such  habits,  and  even 
with  the  rat  in  the  maze  there  is  more  than  a  little  indicaton  that 
direct  adaptive  reactions  and  some  process  of  generalization  are 
of  fundamental  importance  for  the  learning  process.  Evidence  in 
support  of  this  statement  will  be  presented  later.  For  the  present 
I  wish  merely  to  emphasize  that  the  interpretation  of  learning  in 
animals  as  a  simple  conditioning  is  by  no  means  established. 

The  primary  requirements  for  the  tests  were  that  they  be 
capable  of  giving  fairly  accurate  quantitative  results  and  that 
some  objective  estimate  of  their  difficulty  or  complexity  be  pos- 
sible. Of  the  available  techniques,  the  learning  tests  alone  could 
qualify.  The  results  obtained  seem  to  have  justified  their  selec- 
tion. 


CHAPTER  II 

GENERAL  METHODS 

The  experiments  to  be  reported  include  training  of  rats  in  a 
variety  of  problems  either  before  or  after  destruction  of  parts  of 
the  cerebral  cortex,  with  retention  tests  to  determine  the  influ- 
ence of  lesions  upon  previously  formed  habits  or  upon  retention 
of  habits  formed  after  injury.  They  differ  in  details  of  training 
methods,  controls,  and  the  like,  but  involve  many  common  points 
and  problems  of  technique. 

SURGICAL  AND  ANATOMICAL  METHODS 

All  operations  were  performed  under  deep  ether  anesthesia 
with  aseptic  precautions.  Except  in  one  case,  the  linear  lesions  of 
No.  I,  which  were  made  with  a  knife,  a  thermocautery  was  used 
to  destroy  the  cortex.  Lesions  involving  more  than  50  per  cent  of 
the  cortex  usually  required  two  successive  operations  with  an  in- 
tervening period  for  recovery  from  shock.  Postoperative  reten- 
tion tests  were  begun  10  days  after  operation.  This  interval  was 
ample  for  recovery  from  all  signs  of  operative  shock  or  depres- 
sion, and  in  no  case  was  it  necessary  to  prolong  the  period  be- 
cause of  inactivityor  lack  of  vigor  of  the  animals.  Tests  which  I 
have  reported  in  other  studies  (Lashley,  1927)  make  it  clear 
that  the  question  of  general  surgical  shock  is  adequately  con- 
trolled by  this  interval.  In  experiments  on  initial  learning  after 
very  extensive  injuries  to  the  cortex  it  was  sometimes  necessary 
to  wait  for  a  longer  interval  before  beginning  training,  but  this 
was  true  only  in  the  cases  which  later  proved  to  have  extensive 
subcortical  lesions. 

At  necropsy  the  position  and  extent  of  the  superficial  lesions 
were  determined  from  the  freshly  removed  brain  and  laid  off  on 
diagrams  of  the  brain  with  proportional  dividers.  The  actual 
lesions  are  always  more  extensive  than  indicated  by  the  appear- 
ance of  the  surface  of  the  brain,  so  that  these  preliminary  deter- 
minations are  of  value  only  as  a  check  upon  the  later  reconstruc- 
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tion  from  sections.  The  brains  were  fixed,  sectioned,  and  stained 
with  carbol  thionin.  The  use  of  a  general  cell  stain  permits  a 
more  accurate  delimitation  of  the  extent  of  cell  destruction  than 
do  the  methods  of  demonstrating  degeneration.  The  mass  of  ma- 
terial precludes  any  detailed  study  of  fiber  degeneration  in  indi- 
vidual cases,  and  the  uncertainty  of  techniques  for  demonstrat- 
ing degeneration  of  the  finer  fibers  at  long  intervals  after  injury 
would  render  such  studies  of  less  value  for  our  present  purpose 
than  the  gross  determination  of  cortical  destruction. 

Serial  sections  at  intervals  of  Y\  millimeter  were  sketched 
under  camera  lucida.  The  limits  of  the  lesions  were  determined 
under  higher  magnification  and  filled  in  free-hand  on  the  sketches 
by  reference  to  selected  landmarks.  The  dimensions  of  the  le- 
sions were  transferred  to  corresponding  levels  on  the  printed 
diagrams,  shown  in  the  plates,  and  the  points  so  determined  con- 
nected by  the  best  fitting  line.  These  outlines  were  compared  with 
the  original  diagrams  made  at  necropsy,  and  in  case  of  signif- 
icant difference  the  reconstruction  was  repeated.  The  areas  of 
these  lesions  were  finally  measured  from  the  diagrams  with  a 
planimeter  and  expressed  as  percentage  of  the  total  surface  area. 

Measurements  from  the  diagrams  involve  a  certain  error  due 
to  overlapping  of  the  dorsal  and  lateral  views  and  to  perspective. 
This  was  partially  corrected  by  omitting  from  the  measurement 
of  the  diagrams  of  the  lateral  surfaces  all  parts  of  the  lesion  lying 
above  the  level  of  the  corpus  callosum.  Measurements  taken  di- 
rectly from  the  perimeters  of  the  sections  of  a  typical  brain  give 
almost  exactly  the  same  figures  as  those  obtained  from  the  dia- 
gram; but  where  the  brains  were  distorted  during  fixation,  some 
additional  error  is  introduced. 

The  measurements  are  of  actual  destruction  of  the  cortex. 
In  most  cases  all  of  the  underlying  fibers  were  destroyed;  but  no 
attemptlias  been  made  to  deal  with  areas  rendered  non-function- 
al by  section  of  their  association  or  projection  tracts,  since  our 
knowledge  of  these  is  too  slight  to  serve  as  a  basis  for  an  estimate 
of  the  areas  supplied  by  given  tracts  in  the  external  capsule.  The 
lesions  represented  are  therefore  minimal,  and  considerably 
larger  areas  than  are  indicated  in  the  diagrams  were  certainly  in- 
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volved  in  some  cases.  In  quantitative  studies  such  as  these,  the 
impossibihty  of  exact  delimitation  of  the  lesions  reduces  the  re- 
liability of  the  results;  yet  this  fact  may  be  discounted  to  some 
extent  in  that  consistent  quantitative  relationships  have  been 
demonstrated  in  spite  of  it,  both  in  the  present  studies  and  in  the 
previous  study  of  brightness  discrimination  (Lashley,  1927). 
Moreover,  it  is  questionable  whether  we  should  be  justified  in  re- 
cording areas  as  non-functional  because  of  partial  section  of  their 
connections,  for  there  is  some  evidence  that  the  function  of  an 
area  may  be  unimpaired  by  the  section  of  a  considerable  portion 
of  its  association  fibers. 

When,  as  in  the  present  experiments,  variations  both  in  the 
position  and  in  the  extent  of  lesions  seem  to  influence  the  symp- 
toms in  a  similar  manner  and  to  an  unknown  extent,  the  inter- 
pretation of  the  data  becomes  very  difficult.  The  present  experi- 
ments must  be  regarded  only  as  a  crude  preliminary  survey  of 
the  problems. 

In  attempts  to  destroy  large  areas  of  the  cortex  it  is  impos- 
sible to  avoid  occasional  injuries  to  the  deep-hang  structures — 
striatum,  hippocampus,  fornix,  septum,  and  thalamus.  Such  in- 
juries have  been  carefully  analyzed  and  taken  into  account  in 
the  discussions  of  different  experiments. 

GRAPHIC  AND  STATISTICAL  METHODS 

The  number  of  cases  reported  is  too  large  for  the  inclusion 
of  individual  protocols,  but  the  more  important  data  are  sum- 
marized in  plates  and  tables.  Diagrams  of  the  lesions  in  individ- 
ual cases  are  included  in  the  plates,  arranged  for  each  experiment 
in  the  order  of  magnitude  of  the  lesions,  without  regard  to  the 
areas  involved.  When  necessary,  composite  diagrams  summariz- 
ing the  lesions  in  a  number  of  cases  are  given.  These  have  been 
constructed  by  superimposing  the  diagrams  for  the  separate  cases 
and  blocking  in  either  the  areas  common  to  all  or  the  total  area 
covered  by  all  cases  under  consideration. 

The  best  method  of  handling  the  quantitative  data  is  open  to 
question.  Of  the  three  criteria  of  learning  used  in  these  experi- 
ments— total  time,  total  trials,  or  total  errors  preceding  the  at- 
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tainment  of  an  arbitrary  number  of  errorless  trials — time  is 
probably  the  least  reliable.  This  has  been  shown  by  Tolman 
(1924)  in  maze  studies  with  normal  animals  and  is  particularly 
true  for  animals  with  extensive  brain  lesions,  which  may  show  a 
slowing  of  movement  without  corresponding  inaccuracy  of  maze- 
running.  A  single  error  made  after  a  series  of  perfect  runs  may 
disproportionately  increase  the  total  number  of  trials,  so  that,  on 
the  whole,  errors  seem  the  most  reliable  of  the  three  criteria. 
However,  records  are  given  separately  for  the  three,  and  in  most 
cases  the  constants  have  been  computed  separately  and  are  given 
for  all.  When  it  is  only  a  question  of  the  influence  of  some  sub- 
division of  the  data  upon  an  average  or  correlation,  only  the  con- 
stants for  errors  have  been  computed.  The  trend  of  the  results 
shown  by  all  of  the  criteria  is  the  same. 

It  is  sometimes  desirable  to  express  the  records  of  time,  er- 
rors, and  trials  as  a  single  figure.  This  has  been  done  for  the  op- 
erated groups  by  determining  the  value  of  each  constant  as  a  per- 
centage of  the  corresponding  average  for  normal  animals  and 
then  taking  the  average  of  these  percentages  as  a  combined  ex- 
pression of  the  three  criteria. 

Individual  variations,  both  in  extent  of  lesion  and  in  training 
records,  deviate  from  the  curve  of  normal  distribution;  so  in 
computing  correlations  it  has  seemed  best  to  use  the  rank-differ- 
ence method,  in  preference  to  the  product-moment,  by  the  for- 
mula 

n\n'—i) 
Probable  errors  of  p  were  computed  by  the  formula 

y  n 

In  dealing  with  the  records  of  animals  under  different  con- 
ditions, as  in  preliminary  and  postoperative  retention  tests,  we 
may  use  as  a  standard  for  comparison  either  the  individual  rec- 
ords or  the  averages  of  a  group.  In  tests  of  amnesia  following 
operation,  where  it  is  a  question  of  deciding  whether  or  not  each 
individual  has  lost  the  habit,  the  choice  of  a  method  is  important. 
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Since  there  is  no  correlation  between  records  for  initial  learning 
and  records  for  preliminary  retention  tests,  I  have  judged  that 
differences  in  the  records  of  normal  animals  are  largely  due  to 
chance  and  are  not  characteristic  of  the  individuals.  The  com- 
parisons of  individual  postoperative  records  have  therefore  been 
made  with  the  group  averages  for  the  records  of  preliminary 
training. 

RELIABILITY  OF  THE  METHODS 

The  reliability  of  the  methods  of  measuring  the  lesions  has 
already  been  considered.  The  actual  measurements  of  cerebral 
destruction  are  sufficiently  accurate,  but  the  secondary  involve- 
ment of  other  regions  through  injury  to  projection  tracts  or  asso- 
ciation fibers  or  through  the  action  of  diaschisis  is  an  unknown 
quantity.  It  seems  just  to  assume,  however,  that  these  second- 
ary involvements  are  either  proportional  to  the  total  measurable 
extent  of  cortical  destruction  or  not  of  a  character  such  as  to  pro- 
duce a  spurious  correlation  between  measurable  extent  of  injury 
and  efficiency  of  performance. 

Hunter  (1922),  Heron  (1922,  1924),  Tolman  (1924),  and 
Hunter  and  Randolph  (1924)  have  cast  some  doubt  upon  the 
validity  of  our  present  methods  of  measuring  learning  in  ani- 
mals. Their  studies  have  dealt  with  groups  of  normal  adult  ani- 
mals which  probably  include  a  relatively  small  range  of  variation 
and  which  show  insignificant  correlation  between  the  various 
constants  used  to  measure  individual  differences. 

Stone  and  Nyswander  (1927),  using  different  criteria  of  re- 
liability, have  shown  that  within  any  limited  part  of  the  training 
the  behavior  of  the  animals  is  quite  consistent.  This  indicates 
that  the  criteria  used  in  studies  of  maze  learning  do  differentiate 
the  animals  reliably  with  respect  to  some  function,  although  it  is 
not  clear  whether  this  is  the  capacity  to  learn  or  some  other  char- 
acter such  as  timidity  or  degree  of  motivation. 

To  test  the  reliability  of  Maze  III,  I  have  followed  the  meth- 
od suggested  by  Hunter  of  correlating  the  records  of  the  first  10 
trials  with  the  records  for  complete  learning.  To  avoid  overlap- 
ping of  the  data  and  consequent  spurious  correlation,  the  average 
time  per  trial  and  the  average  errors  per  trial  for  the  first  10 
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trials  of  training  were  correlated  with  the  total  number  of  trials 
required  to  reach  the  criterion  of  learning.  The  measures  cor- 
related are  thus  mutually  exclusive.  These  constants  for  the 
maze  have  been  computed  for  the  initial  learning  of  a  group  of  59 
normal  animals,  for  initial  learning  of  a  group  of  37  animals  with 
cerebral  lesions,  and  for  retention  tests  of  59  animals  after  cere- 
bral injury.  The  constants  for  the  three  groups  are  the  following: 


Correlations,  Tot.^l  Trwls  with 

Time  antj  Error  Records  of 

First  Ten  Trmis 

Time 

Errors 

Learning,  normal  animals 

Learning,  after  operation 

Retention  after  operation 

0.09  +  0.09 
0 .  1 8  +  0 .  1 1 
0.  76  +  0.04 

o.c6±o.o9 
0.62  ±0.08 
0.  79 ±0.04 

The  intercorrelations  between  two  of  the  mazes  used  in  the 
experiments  have  been  computed  for  initial  learning  of  normal 
animals  and  of  animals  after  cerebral  injuries.  They  are: 


Correlation,  Mazes  HI  with  IV 

Time 

Errors 

Trials 

Normal  animals 

Operated  animals 

—  0.09±0.  iS 
0.55  +  0.09 

—  0.36  +  0.  16 
0.67  +  0.07 

—  0.38  +  0.15 
0.68  +  0.07 

For  normal  animals,  the  correlations  of  the  first  10  trials  with 
total  trials  indicate  that  differences  found  between  individuals 
are  not  reliable.  The  correlations  between  Mazes  III  and  IV  are 
negative  and  larger,  but  not  significantly  greater  than  their  prob- 
able errors.  There  is  sufficient  difference  in  the  character  of  the 
two  mazes  to  suggest  that  the  negative  correlation  for  normal 
animals  may  not  be  spurious,  although  its  possible  significance  is 
not  clear. 

For  the  operated  animals,  the  correlations  are  all  much  high- 
er and  are  significantly  greater  than  their  probable  errors.  These 
results  indicate  that,  although  the  maze  methods  are  inadequate 
to  reveal  the  slight  variations  within  a  normal  adult  population, 
they  do  form  an  adequate  measure  of  the  enormously  greater  dif- 
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ferences  within  a  group  of  animals  having  extensive  injuries  to 
the  cerebrum. 

There  are  serious  objections  to  the  foregoing  methods  of 
measuring  the  rehability  of  tests.  The  use  of  intercorrelations  of 
the  results  of  training  upon  different  problems  involves  the  as- 
sumption that  learning  ability  is  a  unitary  function  which  should 
be  revealed  by  any  reliable  measure — an  assumption  which  is 
totally  unjustified  by  the  experimental  literature  on  human  or 
animal  learning.  The  lack  of  a  correlation  between  two  reliable 
but  dissimilar  learning  problems  forms  a  valid  objection  to  any 
conclusion  concerning  learning  capacity  in  general,  but  it  does 
not  necessarily  give  an  index  of  the  adequacy  of  the  measures  to 
reveal  individual  differences  in  ability  to  learn  either  problem. 

Failure  to  find  a  high  correlation  between  the  data  on  the 
first  10  trials  of  training  and  some  arbitrary  measure  of  complete 
learning  is  also  not  a  conclusive  argument  against  the  validity  of 
the  latter,  since  a  correlation  between  a  reliable  and  an  entirely 
unreliable  measure  need  not  be  higher  than  between  two  unreli- 
able ones.  Where  there  is  no  other  variable  which  can  be  meas- 
ured more  reliably,  we  cannot  choose  between  dift"erent  parts  of 
the  learning  curve  and  must  discard  all  measures  as  untrust- 
worthy. But  where  some  additional  and  measurable  variable  is 
introduced,  it  is  possible  to  evaluate  the  measures  of  learning  by 
their  closeness  of  correspondence  to  this  variable,  provided  it  is 
not  of  such  a  character  as  directly  to  affect  the  measures  them- 
selves. 

Thus  a  comparison  of  the  extent  of  injuries  within  the  oc- 
cipital areas  of  the  rat  with  the  amount  of  practice  required  for 
relearning  the  habit  of  brightness  discrimination  revealed  cor- 
relations of  the  order  0.72  by  several  criteria  of  learning  and  by 
all  methods  of  subdividing  the  data  which  did  not  result  in  re- 
duction of  the  range  of  variation.  This  shows  that  the  retention 
tests  were  a  fairly  valid  measure  of  the  amount  of  brain  injury, 
whether  or  not  they  actually  measured  retention. 

In  the  present  experiments.  Table  XI  (page  73)  shows  the 
relation  between  the  extent  of  brain  injury  and  the  rate  of  initial 
learning  of  four  different  mazes.  The  table  includes  five  sets  of 
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permutations,  each  of  six  figures.  Among  these  thirty  elements 
of  the  permutations  there  are  only  two  inversions  of  the  order 
from  least  to  greatest.  The  probability  of  such  a  correspondence 
occurring  by  chance  is  less  than  one  to  fifty  billions. 

These  considerations  seem  to  me  to  form  a  valid  argument 
against  the  extension  of  conclusions  concerning  the  reliability  of 
the  maze,  based  upon  studies  of  normal  animals  only,  to  any  ex- 
periments in  which  other  variables  are  introduced.  Thus,  al- 
though the  scores  made  in  the  initial  stages  of  practice  do  not 
correlate  highly  with  the  final  measures  of  learning,^  the  consist- 
ency of  the  results  and  the  closeness  of  correspondence  between 
the  records  for  final  learning  and  the  extent  of  brain  injury  indi- 
cate that,  for  the  conditions  of  the  experiment,  Maze  III  and  the 
Yerkes  discrimination  box  provide  an  adequate  measure  of  some 
function  w^hich  is  affected  by  brain  injuries.  They  give  no  indi- 
cation of  the  fineness  of  this  measure,  but  this  is  a  common  defect 
of  all  methods  of  evaluating  tests. 

Whether  we  are  dealing  with  learning  ability  in  general,  with 
a  learning  capacity  specific  for  the  problems  in  which  the  ani- 
mals were  trained,  or  with  some  other  function  than  that  of  learn- 
ing is  not  revealed  by  the  correlation  alone.  It  must  be  decided 
on  the  basis  of  other  data;  intercorrelations  between  results  with 
different  problems,  analysis  of  the  behavior  essential  for  the  per- 
formance of  the  habits,  and  the  like. 

DIFFICULTIES  OF  INTERPRETATION  IN  STUDIES  OF  BRAIN 
INJURIES 

In  analysis  of  the  symptoms  of  brain  injury  it  seems  that  we 
must  take  into  account  a  number  of  variables  which,  because  of 
practical  difficulties  of  technique,  are  almost  impossible  of  in- 
dependent control.  They  enormously  complicate  the  problem; 
yet,  until  we  have  some  means  of  evaluating  them  severally,  we 

*  I  am  not  inclined  to  use  any  criterion  of  maze  learning  which  does  not  in- 
volve the  attainment  of  a  fairly  stable  errorless  performance.  Our  interest  is  pri- 
marily in  the  acquisition  of  the  maze  pattern,  and  only  errorless  trials  give  certain 
evidence  for  this.  Improvement  in  time  or  reduction  in  errors  may  indicate  that 
the  pattern  is  being  learned  but  in  the  earUer  stages  of  training  is  probably  in- 
dicative of  nothing  more  than  adaptation  to  a  strange  situation. 
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can  form  no  true  conception  of  the  cerebral  mechanisms.  The 
variables  which  may  be  clearly  recognized  in  a  series  of  cases 
seem  to  be : 

1.  Individual  variation  in  localization. — Anatomical  studies 
of  the  area  striata  have  shown  that  the  cortical  fields  delimited 
by  cell  structure  vary  considerably  from  one  individual  to  an- 
other. Adequate  data  of  this  sort  are  available  only  for  this  area, 
and  even  here  give  only  the  fact  of  variation  without  determina- 
tion of  the  limits  of  the  range  or  the  distribution  of  variates.  By 
physiological  methods  also,  indication  of  this  variability  is  ob- 
tained. Observations  here  are  unambiguous  only  for  the  motor 
area,  but  the  results  of  Franz  (191 5)  show  clearly  that  even  in 
the  two  hemispheres  of  the  same  animal  the  arrangement  of  ex- 
citable points  differs  greatly.  Whether  this  variability  is  prima- 
rily the  result  of  anatomical  differences  or  whether  it  indicates 
that  functional  organization  is  in  some  measure  independent  of 
structure  is  uncertain.  My  observations  on  temporal  variation 
in  the  function  of  the  motor  area  (Lashley,  1923)  suggest  that 
both  anatomical  variation  and  changes  in  physiological  organiza- 
tion may  be  effective  agents  in  producing  the  appearance  of  func- 
tional variability. 

2.  Specific  shock  or  diaschisis  effects. — Monakow  (1914) 
has  emphasized  the  role  played  in  the  production  of  recoverable 
symptoms  by  temporary  loss  of  function  in  one  center  as  a  result 
of  destruction  of  another.  The  conception  is  doubtless  a  valuable 
one  for  the  understanding  of  many  cases  of  spontaneous  recov- 
ery, but  its  practical  application  is  complicated  by  the  frequent 
difficulty  in  distinguishing  between  spontaneous  recovery  and  re- 
covery as  a  result  of  re-education.  We  have  as  yet  no  under- 
standing of  the  manner  in  which  the  diaschisis  effect  is  produced 
or  any  way  of  predicting  the  most  probable  shock  effects  from 
injury  to  any  particular  locus. 

3.  Vicarious  junction. — Improvement  through  re-education 
has  been  interpreted  as  the  assumption  of  the  functions  of  in- 
jured parts  by  others  which  have  escaped  injury.  There  is  much 
incorrect  speculation  in  the  older  literature  concerning  the  parts 
functioning  vicariously,  as  the  assumption  that  the  precentral 
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gyrus  of  one  side  can  assume  the  functions  of  that  of  the  other; 
but  there  is  no  certain  evidence  that  the  reacquired  functions  are 
carried  out  vicariously  by  any  specific  loci.  Attempts  to  discover 
such  loci  have  been  in  almost  all  cases  fruitless  (Lashley,  1922) 
and  point  rather  to  a  reorganization  of  the  entire  neural  mass 
than  to  an  action  of  specific  areas.  The  spontaneous  and  re-edu- 
cative improvements  after  cerebral  lesions  make  it  exceedingly 
difficult  to  draw  final  conclusions  from  any  syndrome  concerning 
cerebral  function,  since  a  gradual  improvement  may  be  ascribed 
to  recovery  from  shock,  even  though  it  occurs  during  a  post- 
operative retraining. 

4.  Equi potentiality  of  parts. — The  term  "equipotentiality" 
I  have  used  to  designate  the  apparent  capacity  of  any  intact  part 
of  a  functional  area  to  carry  out,  with  or  without  reduction  in 
efficiency,  the  functions  which  are  lost  by  destruction  of  the 
whole.  This  capacity  varies  from  one  area  to  another  and  with 
the  character  of  the  functions  involved.  It  probably  holds  only 
for  the  association  areas  and  for  functions  more  complex  than 
simple  sensitivity  or  motor  co-ordination. 

5.  Mass  junction. — I  have  already  given  evidence  (1927), 
which  is  augmented  in  the  present  study,  that  the  equipotential- 
ity is  not  absolute  but  is  subject  to  a  law  of  mass  action  whereby 
the  efficiency  of  performance  of  an  entire  complex  function  may 
be  reduced  in  proportion  to  the  extent  of  brain  injury  within  an 
area  whose  parts  are  not  more  specialized  for  one  component  of 
the  function  than  for  another. 

6.  Disturbances  of  the  equilibrium  within  functional  sys- 
tems.— There  is  a  considerable  mass  of  evidence  which  suggests 
that  some  symptoms,  particularly  in  the  class  of  motor  inco-or- 
dinations,  may  result  from  disturbances  in  the  functional  equi- 
librium between  centers,  although  no  tissue  essential  to  the  per- 
formance of  the  disturbed  activities  is  directly  involved  in  the 
lesion.  Thus  unilateral  lesions  to  the  corpus  striatum  or  to  the 
cerebellum  may  produce  marked  disturbances  of  co-ordination 
although  bilaterally  symmetrical  lesions  involving  the  same 
structures  produce  but  slight  effects. 
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In  evaluating  any  symptoms  following  cerebral  lesion  we 
must  consider  the  possible  intervention  of  each  of  these  factors. 
In  some  cases  the  differentiation  is  relatively  easy,  as  in  ruling 
out  diaschisis  as  an  element  in  the  production  of  a  permanent  de- 
fect of  learning  ability,  but  this  is  rather  an  exceptional  instance. 
Wherever  possible,  I  have  attempted  to  distinguish  the  role  of 
such  different  factors,  but  in  many  cases  this  must  await  the  ac- 
cumulation of  far  more  evidence. 


CHAPTER  III 

THE  INFLUENCE  OF  CEREBRAL  LESIONS  UPON  THE 
CAPACITY  TO  LEARN 

In  19 1 8  I  reported  a  first  attempt  to  determine  the  influence 
of  the  extent  of  lesions  to  the  cerebrum  upon  the  rat's  abihty  to 
form  a  motor  habit.  For  the  purpose  the  double-platform  box 
was  used  (Fig.  i).  This  is  a  problem  box  provided  with  a  door 


Fig.  I. — The  double-platform  box  used  in  earlier  studies.  The  door  (d)  is  opened 
when  the  platforms  ((;,  b)  are  successively  pressed  down. 

which  is  opened  by  successively  pressing  down  in  predetermined 
order  two  platforms  attached  to  opposite  sides  of  the  box.  Nine- 
teen animals  were  trained  in  this  habit  after  cerebral  lesions  in- 
volving from  14  to  50  per  cent  of  the  cortex.  The  average  amount 
of  destruction  was  28.4  per  cent.  The  operated  animals  required 
only  75  per  cent  as  much  practice  as  normal  animals  learning 
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under  the  same  conditions.  Correction  for  the  effects  of  motor 
disturbance  in  the  operated  cases  indicated  that  the  cerebral  de- 
struction produced  no  significant  effect  upon  the  learning  ability 
for  this  habit.  The  rank-order  correlation  between  extent  of  le- 
sion and  amount  of  practice  for  the  animals  in  this  series  is  p^ 
o.24±o.i5.  Corrected  for  cases  with  motor  disturbance,  there 
remains  no  significant  difference  in  learning  ability  between  ani- 
mals with  slight  and  animals  with  extensive  brain  injuries. 

In  a  more  recent  study  (1926)  I  reported  experiments  on  the 
influence  of  lesions  within  the  area  striata  upon  the  animal's  abil- 
ity to  form  a  simple  visual  habit.  Forty-eight  animals  were 
trained  in  brightness  discrimination  after  cerebral  lesions  in  the 
occipital  region  ranging  from  3.5  to  43.9  per  cent  of  the  total 
area  of  the  neopallium.  The  operated  animals  required  94  per 
cent  as  much  practice  as  normal  animals  trained  under  similar 
conditions.  In  relation  to  its  probable  error  this  difference  is  not 
significant.  The  correlation  between  extent  of  lesion  and  amount 
of  practice  required  for  learning  in  this  series  was />=o. 11  ±0.14. 
These  figures  justified  the  conclusion  that  the  capacity  to  learn 
the  habit  of  brightness  discrimination  is  unaffected  by  any  injury 
to  the  occipital  half  of  the  cerebrum,  even  including  the  entire 
area  striata  of  both  hemispheres. 

Further  data  on  these  two  problems  indicated  that  when 
normal  animals  which  had  learned  the  habits  were  subjected  to 
cerebral  lesion  in  restricted  areas,  the  habits  were  lost  (Hunter. 
1926;  Lashley,  1927),  in  which  case  they  could  be  reacquired  by 
an  amount  of  practice  not  exceeding  the  range  for  normal  ani- 
mals. 

In  contrast  to  this,  loss  of  the  maze  habit  following  cerebral 
lesions  proved  to  be  attended  by  great  difficulty  in  relearning, 
sometimes  by  total  inability  to  reacquire  the  habit.  This  opened 
a  new  method  of  attack  upon  the  problem  of  deterioration  after 
brain  injury  and  called  for  a  more  extensive  investigation  of  the 
whole  question. 

PROBLEMS  AND  SPECIAL  METHODS 

In  planning  the  experiments  the  following  questions  seemed 
most  pressing: 
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1.  Are  there  situations  for  the  rat  in  which  a  deterioration  of 
learning  abihty  after  brain  injury  can  be  demonstrated,  as  well 
as  those,  like  the  double-platform  box,  in  which  no  defect  ap- 
pears? If  so,  what  determines  the  involvement  or  non-involve- 
ment of  the  capacity  to  acquire  each  particular  activity?  To  test 
this,  it  was  desirable  to  sample  as  many  different  activities  as 
possible;  and  in  preliminary  experiments  the  multiple  choice 
method  of  Yerkes  (191 6),  the  perseverance  reaction  of  Hamil- 
ton ( 191 6),  the  alternation  problem  of  Carr  (191 7),  a  variety  of 
latch  boxes,  pattern  vision,  and  several  tests  of  direct  adaptation 
to  changes  in  the  maze  were  tried  out,  in  addition  to  the  problems 
finally  selected. 

2.  Is  the  deterioration  following  cerebral  lesion  temporary 
or  permanent?  To  test  this  it  was  necessary,  when  reduced  learn- 
ing ability  had  been  demonstrated  for  one  type  of  problem,  to 
train  upon  another  similar  problem  at  a  later  date,  allowing  at 
least  a  sufficient  interval  for  complete  recovery  from  any  shock 
or  diaschisis  effect. 

3.  What  is  the  influence  of  the  locus  of  injury  upon  the  ca- 
pacity to  learn  different  types  of  problems?  This  necessitates 
testing  the  effects  of  lesions  in  all  possible  parts  of  the  cortex 
upon  the  learning  of  a  variey  of  problems. 

4.  What  is  the  effect  of  the  magnitude  of  the  lesion  upon  va- 
rious types  of  learning?  This  requires  lesions  of  different  magni- 
tude in  each  of  the  areas  studied. 

5.  What  is  the  relation  between  the  sensory  components  of 
the  problem,  the  locus  of  injury,  and  the  degree  of  deterioration? 
To  test  this  it  was  desirable  to  present  problems  offering  differ- 
ent and  controllable  sensory  cues. 

6.  What  is  the  relation  between  the  complexity  of  the  habit 
and  the  degree  of  retardation  after  brain  injury?  To  test  this  it 
was  desirable  to  include  several  problems  having  the  same  sen- 
sorimotor basis,  and  differing  in  the  number  of  identical  com- 
ponents included  in  each.  Mazes  most  nearly  meet  this  require- 
ment but  present  the  difficulty  that  one  must  either  vary  the  pat- 
tern considerably,  and  so  introduce  other  factors  than  the  re- 
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duplication  of  parts,  or  risk  obscuring  results  by  permitting  a 
large  amount  of  transfer  from  one  to  another. 

7.  Is  the  capacity  to  remember  affected  in  the  same  way  as 
the  capacity  to  learn?  This  calls  for  retention  tests  for  the  dif- 
ferent types  of  situations  studied. 

8.  When  deterioration  exists,  is  it  due  to  sensory  defect,  to 
reduced  motor  control,  to  lowered  efficiency  of  the  mechanism  of 
fixation,  to  a  general  functioning  at  a  lower  level  of  complexity, 
or  what  not?  These  questions  demand  a  variety  of  tests  and  con- 
trols beyond  immediate  experimental  possibility.  They  deter- 
mined the  inclusion  of  two  problems,  reversal  of  Maze  I  and  the 
incline  box,  as  tests  of  plasticity  and  of  kinaesthesis. 

It  was  desirable  to  observe  the  behavior  of  the  same  animals 
in  a  variety  of  situations,  since  only  so  could  the  effects  of  the 
same  lesions  in  different  situations  be  tested.  This  limited  the 
number  of  problems  which  could  be  used  to  the  capacity  of  the 
most  retarded  cases  and  made  it  necessary  to  discard  the  major- 
ity of  the  problem  situations  which  were  included  in  the  prelim- 
inary tests.  Most  of  these  either  required  too  great  time  for 
learning  or  failed  to  provide  a  clear-cut  objective  criterion  of 
learning. 

Ten  problems  were  finally  selected  for  study.  To  test  the  in- 
fluence of  complexity  of  problem  on  degree  of  deterioration  three 
mazes  were  used;  and  for  the  permanence  of  defect,  a  fourth. 
For  diversity  of  sensory  components  the  brightness  habit  and  the 
incline  box  were  included.  Retention  tests  for  two  mazes  and  the 
brightness  habit,  and  a  test  for  the  ease  of  substituting  one  habit 
for  another,  completed  the  series.  A  detailed  description  of  the 
problems  follows. 

I.  Maze  III. — This  is  a  maze  with  eight  culs-de-sac  requir- 
ing alternate  right  and  left  turns  in  the  true  path  (Fig.  2).  It  is 
arranged  for  automatic  recording  of  errors.  The  animals  were 
given  5  trials  per  day  until  10  consecutive  errorless  trials  were 
obtained.  Time  consumed  and  errors  per  trial  were  recorded. 
In  case  learning  was  much  retarded,  training  was  discontinued 
after  150  trials,  which  is  more  than  seven  times  the  average  re- 
quirement of  normal  animals,  and  almost  twice  the  upper  range 
of  normal  cases. 
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Fig.  2. — Ground  plans  of  the  inclosed  mazes  used  in  the  present  study.  S, 
starting  compartments;  /•',  food  compartments.  The  broken  lines  represent  trap- 
doors which  prevent  return  to  the  starting-box.  Scale,  i  inch  equals  i  foot. 
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2.  Maze  II. — This  is  a  relatively  simple  maze  having  a 
straight  path,  with  three  culs-de-sac  and  the  food  compartment 
opening  at  the  sides  (Fig.  2).  Training  was  continued  at  5  trials 
per  day  until  10  consecutive  errorless  trials  were  obtained,  or 
until  100  trials  had  been  given.  The  latter  is  six  times  the  av- 
erage requirement  for  normal  animals  and  three  times  the  upper 
range  of  normal  cases. 

3.  Maze  I. — This  is  a  simple  T  maze  with  one  cul-de-sac  to 
the  right  and  food  to  the  left  (Fig.  2).  With  it,  training  was  con- 
tinued at  5  trials  per  day  until  10  consecutive  errorless  trials 
were  obtained,  or  until  60  trials  had  been  given.  The  latter  is 
four  times  the  average  requirement  of  normal  animals  and  twice 
the  upper  limit  of  the  range. 

4.  Brightness  discrimination.- — Animals  were  trained  in  a 
standard  Yerkes  box  (Fig.  3)  to  choose  the  illuminated  and 
avoid  the  darkened  compartment.  Training  was  continued  at  10 
trials  per  day  until  30  consecutive  errorless  trials  were  obtained. 
No  animal  failed  to  reach  this  requirement. 

5.  Retention  of  Maze  III.- — Forty  days  after  the  comple- 
tion of  training  on  Maze  III  the  animals  were  returned  to  it  for 
tests  of  retention.  These  were  given  as  were  the  original  train- 
ing tests  and  were  continued  to  10  consecutive  errorless  trials,  or 
until  35  trials  had  been  given.  This  is  eighteen  times  the  average 
requirement  for  relearning  by  normal  animals  and  seven  times 
the  upper  limit  of  their  range. 

6.  Retention  of  Maze  I. — On  completion  of  retention  tests 
for  Maze  III,  a  similar  series  was  given  for  Maze  I,  with  5  trials 
per  day  to  10  consecutive  errorless  trials,  or  until  35  trials  had 
been  given.  The  latter  is  seven  times  the  average  requirements 
of  normal  animals  and  three  times  the  upper  limit  of  the  normal 
range. 

7.  Reversal  of  Maze  I. — After  completion  of  the  retention 
tests  for  ]\Iaze  I  the  food  was  transferred  to  the  cul-de-sac  on 
the  right  and  the  animals  trained  to  turn  to  the  right  and  avoid 
the  former  correct  path.  Training  was  continued  at  5  trials  per 
day  to  10  consecutive  errorless  trials,  or  until  50  trials  had  been 
given.  The  latter  is  four  times  the  average  requirement  of  nor- 
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mal  animals  and  nearly  three  times  the  upper  limit  of  their 
range. 

8.  Retention  of  brightness  discrimination. — Retraining  tests 
were  given  in  the  discrimination  box  until  30  consecutive  error- 
less trials  were  obtained. 


Fig.  3. — Box  used  for  training  in  brightness  discrimination.  The  animal  is 
started  at  S  and  passes  to  d,  where  a  choice  of  an  illuminated  and  dark  alley  is 
offered.  These  lead  across  electric  grills  (g,  g)  through  trapdoors  of  light  celluloid 
(a,  a')  to  the  food  compartments  (f,f')-  In  training,  the  door  on  the  dark  side  is 
locked  and  the  grill  charged.  The  illumination  is  shifted  irregularly  from  side  to 
side  by  a  movable  screen  in  the  light-box  (Z).  In  use  the  entire  box  is  covered  except 
for  an  observation  hood  above  d. 

9.  Maze  IV. — This  maze  has  the  general  plan  of  Maze  III. 
reversed  (Fig.  4),  but  requires  the  animal  to  run  along  the  edges 
of  vertically  placed  boards,  x\  inch  in  width,  after  the  method 
devised  by  Miles  (1927).  Animals  were  given  5  trials  per  day 
to  10  consecutive  errorless  trials,  or  until  60  trials  had  been  giv- 
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en.  The  latter  is  nine  times  the  average  requirement  of  normal 
animals  and  three  times  the  upper  limit  of  their  range. 

10.  Incline  box. — As  a  test  of  the  possible  loss  of  somes- 
thetic  sensitivity  some  of  the  more  deteriorated  of  the  operated 
cases  were  trained  in  a  problem  box  which  required  discrimina- 
tion of  the  direction  of  slope  of  an  inclined  surface.  The  problem 
box  is  of  essentially  the  same  form  as  Maze  I,  arranged  so  that  it 


F 
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MAZE  IV  S 

Fig.  4. — Ground  plan  of  open  maze.  This  was  constructed  of  j^R-inch  boards  set 
on  edge  and  supported  2  feet  above  the  floor.  S,  starting-point;  F,  feeding-platform. 

may  be  tilted  laterally  at  an  angle  of  12^4°  with  either  end  ele- 
vated above  the  other.  The  box  is  inclosed,  light-tight,  and  the 
alleys  wired  with  punishment  grills  and  with  signal  contacts 
which  record  the  animal's  position.  The  animals  were  trained  to 
turn  up  the  incline  on  leaving  the  starting-compartment.  Ten 
trials  per  day  were  given  until  30  consecutive  errorless  trials 
were  obtained. 

The  animals  were  trained  successively  in  these  problems  in 
the  order  in  which  they  are  listed  above.  In  the  majority  of  cases 
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training  in  each  problem  was  begun  immediately  upon  the  com- 
pletion of  the  tests  with  the  preceding  problem,  but  with  some  of 
the  cases  having  more  extensive  lesions,  which  lose  weight  under 
the  conditions  of  training,  it  was  necessary  to  introduce  a  rest 
period  of  a  week  or  more  between  problems. 

Hunger  was  used  as  the  incentive  in  all  the  mazes;  a  com- 
bination of  hunger  and  electric  shocks  in  the  discrimination 
habits. 

Fifty  animals  were  subjected  to  cerebral  lesion  and  started 
on  the  series  of  problems  at  an  interval  of  from  10  to  30  days 
after  operation,  depending  upon  the  rate  of  recovery  from  opera- 
tion. Thirteen  were  discarded  because  of  illness  in  the  early 
stages  of  training  or  because  of  evidence  of  infection  cf  the  brain 
tissue  at  necropsy.  Others  died  during  the  course  of  the  experi- 
ment so  that  only  2 1  completed  the  series  of  problems.  In  addi- 
tion 22  normal  animals  were  started  in  the  series  of  problems 
under  similar  training  conditions.  Six  of  these  died  during  an 
epidemic  of  dysentery  before  completion  of  the  series. 

When  symptoms  of  illness  developed  in  any  animal,  training 
was  discontinued  immediately,  and  his  record  for  the  problem 
last  completed  was  discarded,  as  a  control  of  the  effect  of  earlier 
undetected  illness.  Thus  in  Table  I  the  animals  recorded  as  dead 
after  learning  Maze  III  had  completed  ]Maze  II,  and  so  on. 

The  complete  records  for  the  operated  animals  are  given  in 
Table  I  and  diagrams  of  the  lesions  in  Plates  I-IV,  Figs.  1-37. 
In  this  series  are  included  six  animals  which  had  been  trained  in 
brightness  discrimination  before  operation  and  which  therefore 
lack  data  on  this  problem.  There  is  no  indication  of  any  influ- 
ence of  their  previous  training  upon  their  records  in  this  experi- 
ment. The  records  of  the  normal  controls  are  given  in  Table  II. 
Upon  the  data  included  in  these  two  tables  the  following  analy- 
ses are  based. 

DETERIORATION  OF  OPERATED  ANIMALS  SHOWN  BY 
MASSED  RECORDS 

We  shall  first  consider  the  average  effects  of  cerebral  lesions, 
disregarding  locus  and  magnitude;  then  examine  more  closely 
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TABLE  I 

Individual  Records  of  Learning  or  Retention  in  io  Problems,  Made  by 
Animals  after  Cerebral  Lesions.  The  Percentage  of  the  Total  Neo- 
pallium Destroyed  Is  Given  at  the  Left.  Diagrams  Illustrating  the 
Lesions  Are  Given  under  Corresponding  Numbers  in  Plates  I-IV. 
Total  Time  Spent  in  Practice,  Total  Errors  during  TRAI^^NG,  and 
Total  Trials  Preceding  the  io  Consecutive  Errorless  Trials  (30  in 
Discrimination  Experiments)  Are  Given  for  Each  Animal 


z 

w     S 

Z        x 

a      i- 

Maze  III 

Maze  II 

Maze  I 

No. 

Time  (in 
Seconds) 

Errors 

Trials 

Time 

(in 

■Seconds) 

Errors 

Trials 

Time 

(in 

Seconds) 

Errors 

Trials 

I.  . 

•       i-S 

III 

5 

3 

20 

2 

3 

74 

9 

28 

2.  . 

.      4.6 

2,s88 

51 

17 

185 

13 

22 

107 

8 

22 

3-  • 

.       6.0 

8,842 

126 

47 

340 

24 

19 

0 

0 

0 

4-  • 

■       7-3 

5,097 

92 

36 

214 

24 

16 

135 

12 

29 

5-  • 

•       7-9 

2,131 

112 

62 

134 

10 

10 

79 

5 

16 

6.  . 

.       8.0 

901 

82 

61 

47 

7 

II 

33 

6 

9 

7-  • 

.       8.4 

2,357 

43 

31 

45 

4 

4 

23 

I 

I 

8.  . 

.       9.1 

4,039 

65 

28 

67S 

39 

19 

125 

12 

27 

9.  . 

.     II.  2 

4,321 

165 

51 

390 

28 

26 

94 

7 

13 

10.  . 

.     16. 1 

3,304 

397 

120 

170 

18 

15 

75 

18 

18 

II .  . 

.     16.4 

1,972 

338 

77 

236 

33 

50 

36 

4 

5 

12.  . 

.     18. 1 

2,520 

163 

77 

822 

81 

23 

0 

0 

0 

13-  • 

.     22.6 

5,108 

332 

54 

410 

54 

33 

108 

27 

36 

14.  . 

.     22.8 

2,457 

534 

150    (23)* 

157 

34 

42 

67 

20 

I 

15-  • 

•     23.0 

4,235 

183 

59 

78 

7 

12 

292 

38 

39 

16.. 

■     23.9 

13,567 

621 

86 

506 

51 

100 

471 

61 

60 

17.  . 

.     24.8 

3,790 

388 

90 

286 

39 

34 

83 

II 

12 

18.  . 

■     24.9 

1,202 

206 

59 

281 

20 

22 

136 

17 

17 

19.  . 

■     25.3 

1,254 

147 

37 

345 

41 

60 

52 

7 

16 

20.  . 

.     26.9 

",931 

752 

150    (57) 

1,280 

273 

100 

756 

91 

60 

21 .  . 

.     27.6 

3,130 

309 

100 

133 

15 

14 

203 

33 

60 

22 .  . 

■     27.9 

5,207 

444 

150    (2) 

253 

30 

18 

0 

0 

0 

23-  • 
24.  . 

•  29.5 

•  30-6 

6,117 
3,314 

331 
SOI 

62 

Died 

150    (0) 

451 

94 

"68' 

"856' 

45 

60 

25.  ■ 

•     32-0 

3,128 

193 

60 

392 

31 

43 

277 

30 

51 

26.  . 

.     34.8 

3,767 

645 

150    (0) 

292 

67 

56 

23 

6 

•J 

27.  . 

•     39-8 

12,909 

617 

73 

291 

59 

86 

172 

52 

6S 

28.  . 

■    41-5 

7,785 

546 

64 

122 

26 

II 

0 

0 

0 

29.  . 

•    44-8 

14, 121 

809 

106 

541 

90 

91 

156 

23 

22 

3°-  • 

■     44-9 

4,048 

386 

150    (0) 

2X2 

17 

12 

132 

26 

32 

31-  ■ 
32.  • 

■     53-3 
•     54-9 

4,622 
9,561 

682 

150    (0) 
III 

Died 

761 

1,129 

'■■64' 

82 

II 

I 

I 

33-  ■ 

•     57-6 

8,284 

593 

135 

423 

66 

51 

"5 

23 

28 

34-  ■ 

•     65.3 

17,142 

2,287 

150    (0) 

1,955 

470 

60 

1,000 

18 

13 

35- ■ 

.     66.4 

5,885 

1,048 

150    (0) 

3,186 

634 

100 

806 

76 

39 

36.. 
37-  • 

•     69.5 
.     81.2 

15,479 
18,224 

1,423 
1,330 

150    (0) 
150    (0) 

Died 

667 

75 

40 

22 

2 

4 

*  Figures  in  parentheses  are  errorless  trials. 
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Percent- 

VlSU.\L 
DlSCRIUIN.-\TION 

M.\ZE 

Ill  Rete 

>JTION 

M.^zj 

I  Retention 

No. 

Destrlc 

Time 

Time 

Errors 

Trials 

(in 
Seconds) 

Errors 

Trials 

(in 
Seconds) 

Errors 

Trial- 

I.  . 

1-5 

21 

60 

4 

2 

I 

65 

7 

15 

2.  . 

4.6 

39 

90 

300 

10 

I 

5 

I 

3 

3-- 

4- 

6.0 

7-3 

18 
40 

70 
140 

Died 

074 

61 

6 

80 

8 

16 

5- 
6.. 

7-9 
8.0 

Died 

46 

130 

135 

9 

18 

0 

0 

0 

7- 

.         8.4 

30 

So 

1,347 

38 

10 

15 

I 

I 

8 

9.1 
II.  2 

Died 

Q.. 

43 

120 

131 

3 

5 

124 

7 

14 

lO    . 

16. 1 

33 
22 

160 

89 
14 

6 

8 

II. . 

16.4 

100 

30 

5 

3 

2 

4 

12.  . 

.       18. 1 

10 

30 

4,oiS 

433 

35 

163 

2 

2 

13  • 

14.. 

22.6 

2  89 
431 

40 
51 

26 

153 
0 

33 
0 

35 
0 

.       22.8 

38 

100 

35 

15- ■ 
t6 

23.0 

23.9 

.       24.8 

334 

303 
5,810 

20 

35 
35 
35 

42 
194 
256 

5 
35 
44 

II 

39 

580 

35 

34 

17.. 

24 

80 

tS 

24.9 
■       25.3 

402 
75 

48 
9 

35 
6 

7 

I 

2 

IQ.. 

97 

200 

128 

24 

31 

20.  . 

26.9 

48 

170 

1,423 

152 

35 

F* 

F 

F 

21.  . 

27.6 

•       27.9 

29.5 

30.6 

306 
512 

41 

35 
35 

117 

23 

35 

22.  . 

57 

0 

0 

0 

23- 
24.. 

19 

80 

1,067 

127 

35 

246 

50 

35 

25-  • 
26.. 

32.0 
•      34-8 

lOI 

7 

9 

79 

6 

9 

II 

70 

991 

102 

55 

167 

21 

23 

27.. 

■      39-8 

43 

I  So 

751 

112 

35 

21 

I 

I 

28.. 

41-5 

23 

SO 

3,799 

190 

10 

51 

3 

4 

2Q.. 

•      44-8 

68 

I  So 

795 

253 

35 

47 

6 

6 

30.. 

3I-- 
32.. 
33-- 

•  44-9 

•  53-3 

•  54-9 

•  57.6 

45 

140 

466 

93 

35 

0 

0 

0 

57 
34 

Died 

180 

427 

63 

35 

92 

19 

33 

34- • 
35  • 

.      65.3 
.      66.4 

64 

108 

Died 

230 

927 

270 

35 

0 

0 

0 

36.. 

•      69. 5 



37-. 

.      81.2 

'F"  indicates  cases  which  failed  through  inactivity 
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TABLE  I — Continued 


Percent- 
age OF 
Destruc- 
tion 


Maze  I  Reversal 


Time 

(in  Sec- 
onds) 


Errors 


Trials 


Visual  Dis- 
crimination 
Retention 


Errors 


Trials 


Maze  IV 


Incline  Box 


Time  (in 
Seconds) 


Errors 


Trials 


Errors 


Trials 


I-S 
4.6 
6.0 
7-3 
7-9 
8.0 

8.4 
9. 1 
II .  2 
16. 1 
16.4 
18. 1 
22.6 
22.8 
23.0 

23 -9 
24.8 

24. 

25- 

26. 

27. 
27. 

29 -5 
30.6 
32.0 
34.8 
39-8 
41-5 
44.8 

44-9 
53-3 
54-9 
57-6 
653 
66.4 

695 
81.2 


169 

52 


65 
28 


52 
351 

41 
289 

264 

69 

F 

269 

102 

S2, 


F 

229 


F 

72 

175 
116 
120 
112 
266 


164 
28.=; 


3 
29 

8 

24 
F 

50 
5 
F 

24 

7 

10 


F 

5 

22 
18 
20 
15 
42 


51 


34 
6 


476 
4,868 


26 


14 


2>2> 


2,808 


87 


17 


3 -113 
I,  290 


6 

37 
10 
38 
F 
50 
7 
F 
18 
18 
16 


50 
30 


F 

40 


2,742 
10,792 
1,593 
5,86s 
4,666 
2,494 
4,355 
7,703 
F 

2,370 

1,858 

F 

II ,079 

16,396 


41 
255 

52 
339 
481 

93 

228 

776 

F 

52 

89 

F 

290 

235 


6 

60 

9 
60 
60 
32 
60 
60 

F 
16 
22 

F 
60 
60 


F 

6 
26 
20 
38 
17 
50 


30 


1 1 , 803 
2,842 
3, 116 
6,985 
1,947 
8,024 
4,170 


273 
98 
106 
321 
104 
412 
276 


60 
32 
60 
60 
38 
60 
60 


32 

50 


40 


15 


60 


9,072 


391 


60 


14 


17 


16 
12 


17 


25 


40 


40 


50 


30 
50 
20 


60 


70 


*  "F"  indicates  cases  which  failed  through  inactivity. 
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TABLE  II 
Individual  Records  of  Normal  Animals  Employed  as  Controls  in  the  io 
Problems  Used  To  Test  Efficienxy  in  Learning  and  Retention  after 
Cerebral  Lesions.  Total  Time  in  Seconds,  Total  Errors  during  Train- 
ing, AND  Total  Trials  Preceding  the  io  Consecutive  Trials  without 
Error  Are  Given 


No. 


38 
39 
40 

41 
42 
43 
44 
45 
46 

47 
48 

49 
50 
51 
52 
53 
54 
55 
56 
57 
58. 
59 


Maze  III 


Time  Errors      Trials 


566 

601 

53S 

458 

570 

568 

646 

1,168 

74S 

3,451 

1 ,  142 

584 
537 
3,682 
452 
566 

501 
1,691 
1,469 
1,468 
2,007 


54 
28 

3^ 
34 
43 
40 

23 
43 
29 
29 
65 
44 
51 
35 
116 

49 
43 
30 
71 
31 
45 

lOI 


17 
20 
16 

19 
20 

24 
22 
28 
27 
36 


Time      Errors      Trials 


46 

61 

310 

65 

144 

80 

91 

87 

131 

146 

157 

129 

130 

164 

104 

196 

132 

171 

Died 

Died 

Died 

Died 


14 

23 
14 
17 
22 
20 
II 
29 
19 
S3 


34 
13 


14 

30 

15 

8 

25 
23 
22 

13 


Maze  I 


Time      Errors      Trials 


49 
72 

63 
16 

31 
39 
52 
12 
41 


169 

19 
82 
32 


15s 


19 


9 
16 


21 
35 
7 
37 
12 

13 
22 
36 


TABLE  II— Continued 


No. 


VlSV.\L 

Discrimination 


Errors 


Trials 


Maze  III 
Retention 


Time 


Errors 


Trials 


Maze  I 
Retention 


Time 


Errors 


Trials 


Maze  I 
Reversal 


Time 


Errors 


Trials 


38 
39 
40 

41 
42 
43 
44 
45 
46 

47 
48 
49 
50 
51 
52 
53 
54 


90 

70 
140 

70 
120 
220 

130 
200 
210 
140 
Died 

t20 

Died 
90 
90 

Died 

220 
30 


29 
29 
51 
20 

44 
56 
38 
127 

83 
45 


41 


31 
40 


64 
16 


207 
13 
25 

128 

59 

I2X 

281 

12 

29 

32 


56 
58 


15 


41 
64 


17 


48 

52 
27 

65 
124 
20 
42 
29 
40 

56 


48 


76 
89 


16 


23 
41 


42 

n6 


16 
6 


3 

2 

16 


19 
16 


16 


29 
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TABLE  II— Continued 


No. 


38. 
39- 
40. 

41- 

42. 
43- 
44- 
45- 
46. 

47- 
48. 

49- 
50. 
51- 
52. 
53- 
54- 
55- 


Brightness- 
Discrimination 
Retention 


Errors 


40 


Trials 


Maze  IV 


Time 


1,566 
678 
964 
1,088 
2,181 
1,449 
1,592 
1 ,860 

1,591 
1,856 


Errors 


25 
26 

6 
23 
56 

9 
45 
Z2> 
30 
31 


Trials 


15 


Incles'e  Box 


Errors 


Trials 


30 


281 


30 


2,270 
1,097 


49 
23 


20 
20 


610 
599 


26 


the  relative  influence  of  these  variables  in  determining  the  re- 
sults. The  average  extent  of  injury  in  the  operated  cases  was 
3 1. 1  per  cent  of  the  total  surface  area  of  the  cortex,  with  a  range 
from  1.5  to  81.2  per  cent  and  a  distribution  covering  every  part 
of  the  cortex.  Figure  5  shows  the  combined  extent  of  the  lesions. 
The  average  scores,  total  time,  total  errors,  and  total  trials 
have  been  computed  for  each  problem  for  all  normal  and  for  all 
operated  animals.  In  computing  the  constants,  cases  which  failed 
through  inactivity  (marked  "F"  in  Table  I)  have  been  omitted. 
These  scores  with  their  probable  errors  are  summarized  in  Table 
III.  In  this  table,  under  the  heading  "Difference"  the  absolute 
difference  between  the  groups  in  time,  errors,  and  trials  is  in- 
cluded. For  convenience  in  comparison,  the  average  percentage 
of  the  normal  score  represented  by  the  records  of  the  operated 
animals  has  been  computed  for  each  problem.  This  was  deter- 
mined by  expressing  each  score  (time,  trials,  errors)  of  the  op- 
erated group  as  a  percentage  of  the  corresponding  score  of  nor- 
mals, then  computing  the  average  of  these  percentages  for  each 
problem.  These  average  differences  are  shown  graphically  in 
Figure  6 
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I.XCLOSED  MAZES 


Turning  first  to  a  comparison  of  the  data  for  the  three  in- 
closed mazes,  we  find  that,  in  initial  learning,  the  operated  ani- 
mals are  significantly  inferior  to  the  normal  controls.  For  the 
most  complicated  maze  (III)  the  operated  animals  required  six 
and  one-half  times  as  much  practice  as  normals,  and  not  all  upon 
which  this  average  is  based  completed  the  problem.  For  the  sim- 
ple mazes  the  differences  are  less  striking,  but  even  for  the  sim- 
plest maze  the  operated  required  more  than  twice  as  much  prac- 
tice as  the  normals.  The  differences  are  statistically  significant, 


Fig.  5. — Combined  extent  of  the  lesions  in  animals  trained  after  operation.  In 
one  or  another,  every  part  of  the  neopallium  was  destrojed. 

being  on  the  average  eleven  times  their  probable  errors  for 
Mazes  III  and  II  and  almost  five  times  the  probable  error  for 
Maze  I.  From  this  there  can  be  no  question  that  the  cerebral 
lesions  were  attended  by  an  increase  in  the  amount  of  practice 
necessary  to  attain  the  required  facility  in  running  the  maze. 

For  the  breaking-up  and  reversal  of  the  original  habit  of 
Maze  I  the  ratio  of  practice  for  operated  and  normal  animals  is 
about  the  same  as  that  for  initial  learning  of  the  same  maze 
(2.8:1)  and  statistically  somewhat  more  reliable.  Inspection  of 
the  individual  records  for  this  maze  shows  a  rather  peculiar  con- 
dition. Some  of  the  animals  with  extensive  lesions  learned  it 
without  a  single  error,  thus  excelling  any  normal  animal.   Of 
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these,  the  ones  which  survived  for  the  tests  of  reversal  of  the 
habit,  and  others  also  which  made  perfect  scores  in  retention 
tests  for  Maze  I,  had  unusual  difficulty  in  breaking  up  the  habit 
of  turning  left  and  acquiring  that  of  turning  to  the  right  in  this 
maze.  Taking  the  group  as  a  whole,  we  find  a  slight  negative 
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Fig.  6. — Comparisons  of  the  averages  of  normal  and  operated  animals  in  the 
lo  problems  in  which  they  were  tested.  The  average  of  operated  animals  is  shown  as 
percentage  of  the  normal  average,  indicated  by  the  continuous  line  marked  "nor- 
mal." 

correlation  between  the  amount  of  practice  required  for  learn- 
ing Maze  I  and.  for  reversal  of  the  habit.  This,  in  conjunction 
with  observations  of  the  behavior  of  the  animals  during  training, 
suggests  that  some  of  them  came  to  the  problem  with  a  definite 
set  for  turning  in  one  or  the  other  direction,  perhaps  transferred 
from  the  more  complex  mazes,  and  that  this  was  largely  influ- 
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ential  in  determining  the  success  with  Maze  I,  The  variability 
of  the  results  seems  largely  due  to  such  transfer,  but  it  is  doubt- 
ful whether  this  has  significantly  altered  the  difference  between 
normal  and  operated  animals.  The  preferences  for  the  right  or 
left  should  have  averaged  out  between  the  initial  training  and 
reversal  of  the  habit,  and  we  find  the  operated  equally  inferior 
to  the  normals  in  both. 

The  slight  negative  correlation  between  learning  and  rever- 
sal of  this  maze,  appearing  among  the  operated  animals  and  not 
among  the  normal  controls,  suggests  that  the  operated  animals 
may  have  a  somewhat  greater  tendency  toward  preservation 
than  have  the  normals.  The  magnitude  of  the  negative  correla- 
tion and  the  number  of  cases  are  both  too  small  to  establish  this 
conclusion. 

The  relearning  tests  after  40  days  show  even  greater  differ- 
ences between  the  normal  and  operated  cases  than  do  the  records 
of  initial  training.  Relatively  few  of  the  cases  with  more  severe 
lesions  relearned  Maze  III  in  35  trials,  which  is  almost  twice  the 
average  for  initial  learning  of  normals;  and  the  average  practice 
spent  in  retraining  tests  was  more  than  eleven  times  the  corre- 
sponding average  for  normals.  The  differences  are  on  the  average 
fourteen  times  their  probable  errors.  For  relearning  of  Maze  I 
the  difference  is  less  pronounced  but  nearly  twice  as  great  as 
that  which  appeared  in  initial  training. 

There  is  clear  evidence  that  the  operated  animals  were  in- 
ferior to  the  normal  controls  in  all  tests  with  the  inclosed  mazes. 
Since  they  were  trained  successively  on  the  different  mazes,  ele- 
ments of  transfer  and  interference  almost  certainly  entered  into 
the  results.  There  is  at  present  no  way  of  judging  the  relative 
influence  of  these  factors  on  the  scores  of  normal  and  of  operated 
animals,  but  certainly  there  is  no  reason  to  believe  that  differ- 
ences with  respect  to  transfer  between  normal  and  operated  ani- 
mals are  to  any  great  extent  responsible  for  the  absolute  differ- 
ences in  their  records  on  any  single  maze. 

CPEX  MAZE 

The  open  maze  (IV)  presents  an  objective  complexity  iden- 
tical with  that  of  Maze  III.  It  was,  however,  learned  by  both 
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normal  and  operated  animals  in  less  than  half  the  practice  re- 
quired for  the  inclosed  maze,  as  judged  by  trials  or  errors,  al- 
though the  time  consumed  was  about  the  same  for  both  mazes. 
This  more  rapid  learning  may  have  been  due  either  to  the 
stronger  incentive  provided  by  the  narrow  and  somewhat  un- 
steady support  or  to  the  addition  of  a  visual  factor  which  rapidly 
gives  general  orientation. 

In  this  maze  the  inferiority  of  the  operated  animals  is  about 
the  same  as  for  the  similar  inclosed  maze  (5.99: i),  and  the  dif- 
ferences are  on  the  average  seven  times  their  probable  errors. 

DISCRIMINATION  HABITS 

In  some  ways  the  most  surprising  outcome  of  the  experi- 
ments is  the  marked  difference  in  the  effects  of  cerebral  injuries 
upon  the  learning  of  the  mazes  and  of  brightness  discrimination. 
Some  retardation  appears  in  the  experiments  with  all  the  mazes, 
yet  some  animals  which  failed  to  learn  Maze  III  in  eight  times 
the  practice  required  by  normals  were  superior  to  the  normals  in 
the  formation  of  the  habit  of  brightness  discrimination.  This 
result  is  consistent  with  my  earlier  finding  (1927)  that  complete 
destruction  of  the  posterior  third  of  the  cerebrum,  including  the 
entire  visual  cortex,  effected  no  retardation  in  the  formation  of 
the  habit  of  brightness  discrimination.  As  a  further  check  upon 
it  the  following  experiment  was  carried  out. 

Thirteen  animals  which  had  been  used  to  test  the  influence 
of  lesions  upon  the  previously  formed  maze  habit  (see  the  ex- 
periments on  localization  of  the  maze  habit  reported  in  a  later 
section)  and  which  had  made  very  poor  records  in  relearning 
the  maze  were  subsequently  given  initial  training  in  the  habit  of 
brightness  discrimination.  Their  records  for  maze  relearning 
and  for  the  visual  habit  are  compared  in  Table  IV.  For  relearn- 
ing the  maze  they  required  five  times  as  many  trials  as  are  re- 
quired for  initial  learning  by  normal  animals,  thus  giving  evi- 
dence of  a  serious  retardation.  One  of  them  failed  to  learn  the 
visual  habit  through  inactivity.  The  average  of  the  others  is 
slightly  better  than  that  of  nomials  trained  under  similar  condi- 
tions. The  brain  lesions,  which  are  shown  in  Plates  V-IX  under 
numbers  corresponding  to  the  numbers  of  the  animals  in  the 
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table,  produced  no  effect  upon  the  ability  to  form  the  visual  hab- 
it, although  they  had  abolished  the  maze  habit  and  produced  a 
severe  reduction  in  the  capacity  to  relearn  it. 

An  understanding  of  the  difference  between  the  results  with 
the  mazes  and  the  visual  habit  will  require  the  weighing  of  a 
number  of  considerations.  Inequalities  in  incentives,  in  the  com- 
plexity of  the  habits,  in  the  sensory  mechanisms  involved,  or  in 

TABLE  IV 

Comparison  of  Postoperative  Retention  Tests  for  the  Maze  in  Some 
Animals  Showing  Definite  Retardation  after  Operation  with  the 
Records  of  the  Same  Animals  jNIade  Subsequently  in  Learning  the 
Habit  of  Brightness  Discrimination 


No. 

PoSTOrERATIVE   RETENTION 

Tests  (Maze) 

Visual  Discrimina- 
tion, Initial 
Learning 

Time  (in 
Seconds) 

Errors 

Trials 

Trials 

Errors 

I 

2 

83 

86 

88 

91 

95 

105 

106 

110 

III 

113 
117 
118 
119 

1,839 
I  ,004 
3,182 
3,288 
5,607 
3,222 
6,247 
2,230 
1,282 

2,364 
II, III 

5,917 
1,659 

306 
226 
341 
574 
900 
602 

387 
127 
166 

3?,3 
1,689 
1,122 

212 

107 
45 

114 

106 

IDI 

150 

55 

48 

44 

"5 

ISO 

150 

50 

60 

40 

40 

120 

130 

50 

180 

* 

240 
90 

140 
70 

130 

21 

7 

? 

14 

4.     

56 

5 

6    

38 
18 

7 

36 

8 

* 

0 

102 

lO 

33 

II 

66 

12     

21 

17 

46 

Average 

3,765  5 

537-3 

950 

107.5 

38.2 

Average   of   nor- 

135 

41 

*  Failed  through  inactivity. 

the  character  of  the  motor  adjustments  required  may  have  been 
responsible  for  the  differences.  Only  the  first  of  these  can  be 
evaluated  before  the  presentation  of  other  evidence.  In  the  vis- 
ual habit,  both  hunger  and  punishment  for  errors  were  used  to 
establish  the  habit;  in  the  mazes,  hunger  alone.  This  suggests 
that  the  operated  animals  may  either  be  lacking  in  appetite  or 
be  hyperalgesic.  Their  general  behavior  bears  out  neither  sup- 
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position.  They  are  in  general  more  eager  for  food  and  more 
greedy  in  eating  than  the  controls,  whereas  their  responses  to 
punishment  are  less  pronounced  and  often  suggest  a  considerable 
degree  of  analgesia.  More  convincing  evidence  against  the  impor- 
tance of  punishment  in  this  connection  is  given  by  the  results  of 
earlier  studies  with  the  double-platform  box.  In  this  no  punish- 
ment was  used,  yet  the  problem  was  learned  equally  readily  by 
normal  animals  and  by  those  with  as  much  as  50  per  cent  of  the 
cortex  destroyed.  This  throws  us  back  upon  some  other  explana- 
tion of  the  difference  between  the  results  with  the  mazes  and 
brightness  discrimination.  We  must  postpone  further  discussion 
of  this  question  until  data  upon  the  relation  of  retardation  of 
learning  to  sensory  factors  and  to  the  complexity  of  the  problem 
have  been  presented. 

Not  enough  cases  were  trained  on  the  incline  to  make  the 
results  of  much  value.  The  habit  is  fonned  very  quickly  both 
by  normal  and  by  operated  animals,  and  it  is  doubtful  whether 
the  difference  is  significant.  I  have  not  used  this  problem  long 
enough  to  acquire  a  dependable  technique  and  so  am  not  inclined 
to  give  it  weight.  However,  there  is  no  indication  of  a  retardation 
comparable  to  that  in  Mazes  III  and  IV;  and  since  this  habit 
depends  upon  kinaesthesis  to  an  even  greater  extent  than  the 
mazes,  the  results  may  serve  as  contributory  evidence  upon  the 
sensory  factors  in  the  maze. 

CONCLUSIONS 

This  comparison  of  the  massed  records  of  normal  and  op- 
erated animals  brings  out  two  facts  clearly,  (i)  The  operated 
animals  are  significantly  inferior  to  normals  trained  under  simi- 
lar conditions  in  the  learning  and  retention  of  a  variety  of  mazes. 
(2)  The  inferiority  is  not  uniform  but  is  statistically  reliable  for 
all  the  mazes.  In  contrast  to  this,  there  is  no  evidence  of  any 
inferiority  in  the  formation  or  retention  of  the  habit  of  bright- 
ness discrimination.  In  all  cases  where  operated  and  normal  ani- 
mals have  been  compared  in  initial  learning  of  this  habit,  the 
operated  animals  have  been  slightly  superior  to  normal  controls, 
although  the  differences  in  any  one  experiment  have  not  been 
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statistically  valid.  The  results  justify  the  conclusion  that  cere- 
bral lesions  may  produce  a  marked  reduction  in  the  ability  to 
learn  and  to  remember  some  problems  and  at  the  same  time  leave 
the  capacity  with  respect  to  other  problems  entirely  unaffected. 

PERMANENCE  OF  THE  DETERIORATION 

The  records  of  the  first  four  problems  show  a  progressive 
decrease  in  the  inferiority  of  the  operated  animals  until  in  the 
brightness  habit  they  slightly  excel  the  normals  (Fig.  6).  This 
looks  like  an  improvement  in  learning  ability  with  recovery  from 
the  effect  of  operation,  but  the  fallacy  of  such  an  interpretation 
is  shown  by  the  records  of  the  next  problem,  retention  of  IMaze 
III.  Here  the  operated  animals  consumed  more  than  ten  times 
the  practice  required  by  normals,  and  no  animal  which  had  failed 
to  attain  the  criterion  of  learning  in  the  initial  training  succeeded 
in  learning  in  the  retention  tests,  although  these  involved  twice 
as  many  trials  as  are  required  for  initial  learning  by  normal  ani- 
mals. A  similar  inferiority  appeared  in  the  relearning  and  re- 
versal of  Maze  I,  although,  as  in  initial  learning  of  this  maze, 
the  difference  was  less  pronounced  than  for  IMaze  III.  In  the 
next  problem,  retention  of  the  brightness  habit,  the  inferiority 
practically  disappeared.  Finally,  in  learning  Maze  IV,  the  in- 
feriority of  the  operated  animals  reappeared  to  almost  as  great 
an  extent  as  in  the  first  trials  with  IMaze  III  immediately  after 
operation. 

The  tests  with  Maze  IV  were  begun  at  an  average  of  83  days 
after  operation,  with  a  range  from  45  to  189  days.  According  to 
Donaldson's  interpretation  of  the  rate  of  development  of  the  lat 
(Donaldson,  1924)  this  average  corresponds  to  nearly  7  years 
and  the  maximum  period  to  15  years  in  the  human  span  of  life. 
Although  we  cannot  use  this  comparison  as  a  basis  for  any  cer- 
tain judgment  of  the  stability  of  deterioration,  it  does  give  an 
indication  of  the  duration  of  the  unimproved  condition  in  relation 
to  the  total  span  of  life  of  the  animal.  There  is  no  evidence  for 
any  improvement  in  learning  ability  during  the  time  that  the 
animals  were  kept  under  observation.  On  the  contrary,  the  data 
show  that  the  inferiority  persisted  during  3-6  months  and  was  at 


LESIONS  AND  LEARNING  ABILITY 


49 


all  times  marked  for  some  problems  and  not  for  others.  This 
constitutes  evidence  that  the  deterioration  of  the  operated  cases 
is  not  due  to  temporary  shock  or  to  any  diaschisis  effect  but  is  a 
residual  condition,  ascribable  by  Monakow's  criteria  (1914) 
directly  to  the  absence  of  the  tissue  destroyed. 

THE  INFLUENCE  OF  THE  LOCUS  OF  INJURY  UPON  RETARDATION 

IN  LEARNING 

The  series  of  cases  includes  animals  with  lesions  in  various 
parts  of  the  cerebrum.  In  view  of  the  emphasis  which  has  been 


Fig.  7. — The  chief  cyto-architectural  areas  of  the  rat's  cerebrum,  modified  from 
Fortuyn  (1914)  to  the  proportions  of  our  diagrams.  For  significance  of  letters,  see 
text. 

placed  upon  association  areas  and  upon  image  types  in  human 
learning,  it  seemed  improbable  that  injuries  in  different  areas 
should  be  equally  effective  in  producing  retardation  of  learning. 
We  should  expect  either  specific  types  of  retardation  associated 
with  sensory  defects  or  retardation  following  only  the  destruc- 
tion of  definite  association  areas.  The  role  of  sensory  defects 
will  be  considered  later.  We  must  first  consider  the  influence 
upon  learning  of  lesions  in  the  different  cortical  areas. 

Figure  7  shows  the  chief  cortical  regions  distinguished  by 
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Fortuyn  (1914)  on  the  basis  of  cell  lamination.  It  has  been  nec- 
essary to  modify  the  proportions  of  his  diagram  to  fit  the  one 
used  in  these  studies.  Since  the  dorsal  and  lateral  surfaces  of 
the  cortex  offer  no  clear  landmarks  and  Fortuyn  does  not  show 
the  relation  of  his  fields  to  the  underlying  subcortical  structures, 
the  adaptation  could  be  made  only  in  terms  of  the  relative  pro- 
portions of  our  figures.  This  means  some  uncertainty  as  to  the 
boundaries  of  the  fields,  but  probably  no  more  than  would  exist 
after  the  accurate  mapping  of  any  single  brain,  since  the  transi- 
tion from  field  to  field  is,  for  the  most  part,  gradual  through  a 
broad  transitional  zone  and,  if  we  may  argue  from  the  condition 
in  man,  there  is  considerable  individual  variation  in  the  limits  of 
the  different  fields. 

Homologies  with  higher  forms  suggest  that  fields  /,  /',  and  n 
correspond  to  the  motor  or  pyramidal  region,  j  to  the  somesthet- 
ic,  p  to  the  auditory,  and  w  and  m'  to  the  visual  areas  of  higher 
animals  (Herrick,  1926,  pp.  159-65). 

The  percentage  of  the  cortex,  by  our  method  of  measure- 
ment, included  in  each  of  these  functional  groups  of  fields  is  the 
following: 

/,/',  c,  and  7i  (motor)     .        .        .        ,       17.9 

;  (somesthetic) 27.6 

P  (auditory) 28.1 

w,  w',  aa  (visual) 19.2 

k  (olfactory)* 7.2 

*  The  chief  olfactory  cortex  is  the  hippocampus,  which  was  injured  in  a  number  of  ani- 
mals. I  have  not  attempted  to  measure  accurate  y  the  extent  of  injury  to  the  hippocanipal 
structures,  but  rough  estimates  of  the  extent  of  lesion  indicate  that  this  omission  has  not  seri- 
ously influenced  results. 

The  cases  of  Table  I  have  been  divided  according  to  the  chief 
cyto-architectural  areas  involved.  It  is  possible  to  distinguish, 
for  statistical  treatment,  a  frontal  group  in  which  the  lesions 
extend  more  or  less  completely  over  areas  /,  /',  and  c  and  overlap 
;  to  only  a  very  slight  extent ;  a  temporal  group  restricted  chiefly 
to  areas  ;,  with  some  involvement  oi  p  but  without  overlapping 
/,  /',  or  w;  an  occipital  group  covering  areas  w,  m' ,  and  aa,  in- 
vading p  slightly  but  without  involvement  of  ;  or  /';  two  cases 
with  lesions  restricted  to  p  only.  In  addition  there  are  cases  with 
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smaller  lesions  restricted  to  /, ;,  or  w  which  can  be  used  to  test  the 
significance  of  the  overlapping. 


DATA  FOR  MAZE  III 

The  constants  derived  from  each  of  the  foregoing  regional 
groups  are  given  in  Table  V  for  ]Maze  III.  The  averages  for  time, 
errors,  and  trials  are  given  separately  and  are  also  combined  in 

TABLE  V 

The  Intluence  of  Regional  Differences  in  the  Position  of  Cerebral 
Lesions  upon  the  Rate  of  Learning  I\L^ze  III.  The  Cases  Are  Grouped 
According  to  the  Principal  Anatomical  Areas  Involved.  These  .\re  In- 
dicated BY  Letters  Corresponding  to  the  Designation  of  the  .Areas 
in  Figure  7.  The  Letters  in  Parentheses  Indicate  the  Areas  wtth 
Which  There  Was  Some  Overlapping.  The  Group  M.arked  "Transi- 
tional" Includes  Cases  wtth  Lesions  Centering  .arount)  "n"  and  In- 
vading Practically  All  the  Fields 


ASEA 


fj'.cij)... 

j{p) 

w,  m',  aa  (p) 
w,  m' ,  aa,j. . 
p.......... 

Transitional , 
Normal 


No.  OF 

Cases 


16 


u^ 


19-3 
24.7 
21.9 
30.1 

6.5 

24.8 

0.0 


3,049 
3.559 
7,062 

5.893 
2,372 

5'5S4 
1 ,087 


Errors 


322 
265 
371 
383 

47 
354 

47 


Tri.\i.s 


83 

67 

96 

81 

24 

58.1 

19 


468 
414 
649 
594 
14S 
521 
100 


Correlation 


Trial? 


0.90 
0.80 
0.73 
0.5s 


0.7S 


Errors- 


0.80 
0.80 
0.88 
0.68 


a  single  expression  as  the  average  percentage  of  the  correspond- 
ing records  for  normal  animals.  The  number  of  cases  in  each  of 
these  groups  is  small,  so  that  the  averages  are  not  very  reliable. 
They  serve,  however,  to  indicate  trends;  and,  in  fact,  the  differ- 
ences in  most  cases  are  of  such  magnitude  as  to  be  of  unques- 
tionable significance. 

Auditory  region. — The  two  cases  (Fig.  8)  with  lesions  re- 
stricted to  area  p  (auditory)  had  only  small  injuries,  amounting 
to  not  more  than  one-fourth  of  the  entire  area,  and  a  rate  of 
learning  not  significantly  higher  than  that  of  normal  animals. 
They  are  not  adequate  for  a  test  of  the  function  of  area  p,  but  do 
serve  as  a  control  for  the  two  groups  w  (p)  and  ;  (/>),  both  of 
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which  overlap  area  p  to  an  extent  not  greater  than  this.  Retarda- 
tion in  these  two  groups  could  not  have  been  due  to  the  fact  that 
both  involve  area  />  to  a  slight  extent. 


Fig.  8. — Extent  of  lesions  restricted  chiefly  to  the  auditor}'  area  (/>) 


Fig.  9. — Total  extent  of  lesions  involving  chiefly  the  somesthetic  area  (;),  with 
some  overlapping  of  the  auditory-  and  visual  areas. 

Somesthetic  region. — Cases  with  lesions  restricted  to  ;  (som- 
esthetic) and  p  (Fig.  9)  required  more  than  four  times  normal 
practice.  The  slight  involvement  of  area  p  in  these  cases  is  prob- 
ably not  significant,  and  the  data  indicate  that  retardation  may 
result  from  injury  to  ;. 


LESIONS  AND  LEARNING  ABILITY 


53 


Visual  area. — Cases  with  lesions  in  area  w  (visual)  overlap- 
ping p  slightly  (Fig.  lo)  required  six  and  a  half  times  normal 
practice.  This  retardation  cannot  be  ascribed  to  the  injury  to 
area  p. 


Fig.  io.— Total  extent  of  lesions  involving  chiefly  the  visual  areas  {w,  m') 


Fig.  h.— Total  extent  of  lesions  involving  both  visual  and  somesthetic  areas 
{w  a.ndj). 

Visual  and  somesthetic  areas. — Cases  with  injuries  involving 
both  areas  w  and  ;  (Fig.  ii)  required  almost  six  times  normal 
practice.  The  lesions  did  not  greatly  overlap  fields  /'  or  p. 

Motor  region. — Cases  with  lesions  in  the  frontal  area,  /  (;) 
(Fig.  12),  required  four  and  one-half  times  as  much  practice  as 
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normals.  The  overlapping  on  area  ;  was  slight;  and  one  case 
(No.  ii),  with  1 6  per  cent  destruction  and  no  involvement  of 
area  j,  required  four  and  one-third  times  normal  practice.  We 
must  conclude,  then,  that  retardation  is  produced  by  lesions  in 
the  frontal  (motor)  field. 

Transitional  region. — It  will  be  noted  on  Fortuyn's  diagram 
that  most  of  the  cyto-architectural  fields  approach  each  other 
very  closely  in  the  median  parietal  region,  so  that  a  small  lesion 
may  invade  the  motor,  somesthetic,  auditory,  and  visual  areas 


Fig.  12. — Total  extent  of  lesions  involving  chiell}-  the  motor  region  (/),  with 
some  overlapping  of  the  somesthetic  area  ( j) . 


A  number  of  the  cases  have  lesions  centered  in  this  region  (Fig. 
13) ;  and  since  it  might  be  interpreted  as  a  primitive  association 
area,  these  cases  have  been  grouped  separately,  as  "transition- 
al." They  required  about  five  times  as  much  practice  as  normals 
for  learning. 

Thus,  injuries  in  any  one  of  the  four  areas  (motor,  somes- 
thetic, visual,  transitional)  for  which  adequate  data  are  avail- 
able produced  a  marked  retardation.  This  ranges  from  414  to 
649  per  cent  of  the  amount  of  practice  required  by  normal  ani- 
mals. These  differences  are  great  enough  to  be  significant  in 
spite  of  the  small  number  of  cases.  They  seem  to  prove  that  a 
lesion  anywhere  within  these  four  areas  may  produce  a  marked 
retardation  of  learning  for  ]\Iaze  III. 
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Relative  effects  of  lesions  to  different  areas. — The  differ- 
ences in  effects  of  lesions  within  the  three  cortical  areas  are  rela- 
tively very  much  smaller  than  their  differences  from  the  normal 
condition.  The  groups  vary  in  the  average  extent  of  destruction, 
so  that  a  direct  comparison  of  the  records  for  different  areas  is 
misleading.  From  the  correlations  presented  in  a  later  section 
we  may  compute  the  regression  coefficients  of  time,  errors,  and 
trials  on  percentage  destruction.  These  are  for  time,  139  sec- 
onds; for  errors,  17.7;  for  trials,  1.9.  That  is,  for  each  increment 


Fig.  13. — Total  extent  of  lesions  involving  the  transitional  area. 

of  I  per  cent  destruction  we  may  expect  an  increase  of  139  sec- 
onds, 17.7  errors,  and  1.9  trials  in  the  training  record.  Using 
these  coefficients,  we  have  computed  from  the  records  of  normal 
animals  the  records  to  be  expected  from  each  amount  of  destruc- 
tion. These  have  been  expressed  as  average  percentages  of  the 
averages  for  normals,  with  the  following  result: 


Group 

Motor 

Somes- 
thelic 

\'isual 

Visuo- 
somes- 
thetic 

Auditory 

Transi- 
tional 

Experimental  results 

Computed  from  extent  of  lesion 

Percentage  of   devinition  from 

expectation 

468 
484 

-3 

414 

597 

-31 

649 
570 

+  13 

594 
705 

-IS 

148 
145 

+  2 

521 
598 

-14 

This  gives  the  actual  deviation  of  the  records  of  each  group 
from  the  records  to  be  expected  if  only  the  extent  and  not  the 
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locus  of  injury  is  responsible  for  the  retardation.  For  the  motor, 
visual,  visuosomesthetic,  and  auditory  groups  the  differences  are 
slight,  amounting  to  not  more  than  1 5  per  cent  of  the  difference 
between  the  regional  group  and  normal  animals.  Lesions  within 
the  somesthetic  area  apparently  produced  less  effect  than  lesions 
within  other  areas.  This  may  mean  that  the  area  is  less  impor- 
tant than  the  others  for  the  formation  of  the  maze  habit,  but  I 
suspect  that  the  result  is  due  rather  to  an  error  in  measurement 
of  the  lesions.  As  was  pointed  out  in  discussion  of  the  reliability 
of  the  measurements,  the  region  where  there  is  the  greatest 
chance  for  error  is  the  dorsolateral  zone  covered  by  the  diagrams 
of  both  lateral  and  dorsal  aspects.  Measurements  are  subject  to 
error  of  perspective  and  to  error  in  estimating  the  overlapping 
of  the  two  diagrams.  Lesions  in  area  j  mostly  fall  within  this 
zone,  and  a  constant  error  of  5  per  cent  in  the  measurement  of 
lesions  (sufficient  to  account  for  the  deviation  of  this  group  from 
expectation)  might  easily  have  been  introduced.  We  can  only 
conclude  that  animals  with  lesions  in  the  somesthetic  field  are 
distinctly  inferior  to  normals,  whereas  their  superiority  over  ani- 
mals with  lesions  in  other  fields  is  doubtful. 

The  data  include  four  cases  with  complete  destruction  of  one 
hemisphere  and  partial  destruction  of  the  other.  In  two  of  these 
cases  the  intact  cortex  included  only  the  right  motor  and  somes- 
thetic areas  (Fig.  14) ;  in  the  other  two,  the  right  visual  and  au- 
ditory (Fig.  15).  The  average  records  for  each  of  these  pairs 
were  the  following: 


Region  Preserved 

Percentage 
of  Destruc- 
tion 

Time  (in 
Seconds) 

Errors 

Trials 

Percentage 

of  Normal 

Records 

Computed 
Percentage 

Right  frontal 

67.9 
62.2 

10,682 
12,520 

1,285 
1,097 

150 
131 

1,500 
1,387 

1,135 
1,040 

Right  occipital 

With  very  extensive  but  approximately  equal  amounts  of 
destruction  these  two  groups  required  almost  exactly  the  same 
amount  of  practice  for  learning,  in  spite  of  the  difference  in  the 
areas  of  the  cortex  which  still  remained  intact. 

We  may  approach  the  problem  of  regional  differences  in 
still  another  way.  Only  one  of  the  16  normal  animals  trained  on 
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Maze  III  made  more  than  65  errors  during  training.  We  may 
therefore  consider  that  75  or  more  errors  constitute  some  degree 
of  retardation.  There  is  no  area  common  to  the  lesions  of  all 


Fig.  14. — Extent  of  lesions  in  cases  34  and  35,  with  preservation  of  right  motor 
and  somesthetic  areas  only. 


Fig.  15. — Extent  of  lesions  in  cases  32  and  36,  with  preservation  of  right  visual 
and  auditory  areas  only. 

cases  which  made  more  than  75  errors  in  training  (see  Table  I 
and  diagrams  of  lesions),  so  that  it  is  certain  that  the  retarda- 
tion shown  by  the  animals  of  the  series  was  not  due  to  the  de- 
struction of  any  particular  portion  of  the  cerebral  cortex. 

The  facts  brought  out  in  the  foregoing  analysis  seem  to 
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prove  that  the  learning  of  ]\Iaze  III  may  be  retarded  by  injury 
to  any  of  the  cyto-architectural  fields.  The  problem  of  the  rela- 
tive effects  of  lesions  in  different  areas  is  complicated  by  the  dif- 
ference in  size  of  the  different  fields  and  by  the  possible  influ- 
ence of  the  size  of  the  lesion,  irrespective  of  its  locus.  The 
average  destruction  of  the  cortex  in  the  animals  grouped  accord- 
ing to  locus  of  injury  and  suitable  for  this  comparison  ranges 
from  6.5  to  30.1  per  cent  of  the  entire  neopallium.  When  the  re- 
sults are  corrected  for  this  difference  in  extent  of  lesion,  there 
appears  to  be  no  significant  difference  between  the  effects  of 

TABLE  VI 

The  Influence  of  Regional  Differences  in  the  Position 

OF  THE  Lesion  upon  the  Learning  on  ^Laze  I^^ 

Arranged  as  in  Table  V 


Area 


No.  of 
Cases 


Percentage 
of  Destruc- 
tion 


Time  (in 
Seconds) 


Errors 


Trials 


Average 

Percentage 

Normal 


fj',c,{j)... 

jAp) 

w,  m,  aa  (p) 
w,  m,  aa,j. . 

P 

Transitional 
Normal 


18.2 

24.1 

30-7 

6.5 

24.7 


2,287 
2,300 
9,079 
5,458 
3,079 
5,029 

1,365 


66 

65 

374 

250 

27 

219 

26 


14 
60 
46 

9 
42 

7 


244 
206 
987 
675 
170 
616 


lesions  within  different  areas.  We  may  therefore  conclude  that 
equal  injuries  in  different  cortical  areas  produce  equal  amounts 
of  retardation.  Lesions  to  the  transitional  or  primitive  associa- 
tion (?)  area  are  no  more  effective  than  lesions  in  other  regions. 

data  for  maze  IV 
For  Maze  IV  the  data  are  less  reliable,  but  there  is  indication 
of  a  distinct  difference  in  their  character  (Table  \T).  The 
groups  with  injuries  in  the  frontal  areas  require  only  twice  as 
much  practice  as  hormals.  Those  with  lesions  overlapping  the 
occipital  fields,  including  the  "transitional"  group,  require  six 
or  more  times  normal  practice.  The  occipital  groups  have  some- 
what larger  lesions  than  the  others,  but  this  difference  is  not 
great  enough  to  account  for  the  very  great  difference  in  the  ap- 
parent effects  of  the  lesions.  This  difference  may  be  the  result 
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of  chance,  but  there  is  some  justification  for  considering  it  sig- 
nificant. Maze  IV,  as  used,  stood  in  the  middle  of  a  small  room 
lighted  from  one  side  and  with  the  food  box  near  a  cabinet 
toward  which  the  animals  frequently  reached  and  to  which  some 
of  them  jumped.  Repeated  tests  showed  that  when  the  maze 
was  rotated  to  any  position  a  trained  normal  animal,  placed  on 
the  middle  of  it,  would  make  his  way  by  the  shortest  route  to 
the  original  position  of  the  food  box  near  the  cabinet.  All  this 
suggests  an  element  of  pattern  vision  in  this  habit  which  would 
involve  a  greater  activity  of  the  occipital  regions. 

If  this  inference  is  correct,  we  must  look  upon  the  condi- 
tions of  cerebral  function  in  the  learning  of  the  open  maze  as 
differing  from  those  in  learning  the  inclosed  maze.  A  general 
factor  of  some  sort  is  indicated  from  the  retardation  after  lesions 
in  any  of  the  areas,  but  an  additional  factor  seems  to  enter  when 
the  lesion  involves  the  visual  areas  and  the  problem  of  pattern 
vision. 

DATA  FOR  BRIGHTNESS  DISCRIMINATION 

The  results  with  brightness  discrimination  differ  from  those 
with  either  maze  but  are  consistent  with  earlier  studies  of  this 
habit.  In  two  previous  experiments  I  found  that  the  rate  of 
formation  of  the  brightness  habit  was  unaltered  by  the  destruc- 
tion of  the  entire  area  whose  destruction  subsequent  to  learning 
completely  abolished  the  habit.  Constants  for  the  different  corti- 
cal fields  have  been  computed  for  this  problem  as  for  the  mazes. 
For  all  areas  the  results  approximate  very  closely  to  the  normal 
average.  Cases  with  destruction  in  the  parietal  and  occipital  re- 
gions (visual  area)  learned  somewhat  more  readily  than  those 
with  frontal  and  temporal  injuries,  but  these  differences  corre- 
spond to  the  relative  amounts  of  destruction  in  the  different  areas 
and  to  the  involvement  of  lateral  ventricles  and  thalamus. 

Results  from  problems  involving  only  brightness  vision  are 
to  be  distinguished  sharply  from  those  in  which  pattern  vision 
is  concerned,  for  they  probably  deal  with  a  much  more  primitive 
or  more  generalized  mechanism.  For  pattern  vision,  something 
like  a  point-for-point  correspondence  between  retina  and  cortex 
seems  essential,  whereas  nothing  of  the  kind  is  required  for  sim- 
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pie  discrimination  of  brightness.  The  available  evidence  indi- 
cates that  the  rate  of  learning  of  the  simple  brightness  habit  is 
independent  of  any  part  of  the  cerebral  cortex,  although  the  hab- 
it, when  formed  by  normal  animals,  shows  a  definite  cortical  lo- 
calization. I  should  anticipate  quite  different  results  in  studies 
of  pattern  vision.  The  slow  rate  at  which  the  rat  forms  habits 
involving  pattern  vision  has  thus  far  prevented  any  adequate 
study  of  such  habits. 

THE  DCUBLE-PLATFORM  BOX 

In  an  earlier  study  (Lashley,  191 7)  it  was  found  that  no 
lesion  up  to  50  per  cent  of  the  cerebral  cortex  produced  any  se- 
rious retardation  in  the  rate  of  formation  of  the  habit  of  opening 
the  latch  box  shown  in  Figure  i.  Review  of  these  experiments 
reveals  that  the  lack  of  effect  was  equally  apparent  for  all  of 
the  areas  of  the  cortex.  When  the  habit  is  formed  in  normal  ani- 
mals, it  shows  definite  localization  in  the  frontal  region  (Hunter, 
1926),  yet  its  rate  of  formation  is  independent  of  any  particular 
part  of  the  cortex.  In  these  respects  it  parallels  exactly  the  con- 
ditions found  for  the  habit  of  brightness  discrimination. 

CONCLUSIONS 

The  data  on  these  four  problems  suggest  three  diverse  types 
of  influence  upon  learning,  arising  from  brain  injuries.  First,  for 
some  problems,  a  retardation  results  from  injury  to  any  part  of 
the  cortex,  and  for  equal  amounts  of  destruction  the  retardation 
is  approximately  the  same.  The  magnitude  of  the  injury  is  im- 
portant; the  locus  is  not.  Second,  there  may  be  a  general  retar- 
dation, arising  from  any  injury,  to  which  is  added  a  specific 
retardation  resulting  perhaps  from  sensory  deficiency  and  asso- 
ciated with  lesion  to  a  particular  cortical  field.  Third,  for  still 
other  habits  there  may  be  a  complete  absence  of  any  effect  upon 
learning  from  lesions  of  any  extent  or  of  any  locus,  within  the 
wide  limits  of  these  experiments.  The  second  of  these  types, 
based  upon  INIaze  IV,  is  no  more  than  suggested  by  the  results  of 
these  experiments  but  seems  pretty  well  established  by  much 
clinical  work  with  man.  The  first  and  third  are  clearly  estab- 
lished in  these  experiments. 
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The  results  of  the  study  of  regional  differences  in  the  posi- 
tion of  the  lesions  raises  the  question  of  qualitative  differences 
in  the  effects.  Admitted  that  lesions  to  any  part  of  the  cortex  pro- 
duce retardation,  is  the  mechanism  in  all  cases  the  same,  or  is  the 
retardation  for  each  locus  the  result  of  a  different  set  of  factors? 
The  latter  seems  the  more  probable;  and  one  naturally  thinks  of 
sensory  defects  or  cerebral  anesthesias,  varying  with  the  region 
injured,  as  the  most  likely  cause  of  the  retardation. 

TABLE  VII 

Correlations  (Rank  Order)  between  the  Percentage  Destruction  of 
THE  Cerebral  Cortex  and  the  Amount  of  Practice  Required  for 
Learning  the  Various  Problems,  .\s  Me.\sured  by  Different  Cri- 
teria 


Time  (in  Seconds) 

Errors 

Trials 

Average 

Maze  III 

0.615+0.072 
0 . 5 1 5  ±  0 . 089 

0.  I9I+O.167 

0.857  +  0.031 
o.65o±o.o7o 
0.  299  +  0. 159 

0.503  +  0. 108 
0.508  +  0.  Ill 
o.oo2±o.  138 
0.427  +  0. 119 
0.679  +  0.077 

0.768  +  0.047 
0.568  ±0.082 
0.164  +  0.  169 

0.406  +  0.  121 
0.556  +  0.  104 

-o.o7Q±o.i37 
0.30Q  +  0.134 
0.586  +  0.093 

0.7s 
0.58 

Maze  II 

Maze  I 

Brightness     discrimina- 
tion  

0.4S 

0.46 

—0.02 

0.38 

0.55 

Retention,  Maze  III .  .  . 

Retention,  Maze  I 

Reversal,  ^laze  I 

Maze  IV 

o.339±o.i33 
.0.023+0.137 
0.395  +  0124 

0.380  +  0. 121 

The  interpretation  of  the  sensory  control  of  the  maze  habit 
is  complicated  and  difficult.  The  problem  enters  into  all  phases 
of  our  experiments,  which  in  turn  contribute  to  the  interpreta- 
tion of  the  sensory  problem.  We  must  therefore  leave  its  discus- 
sion until  the  question  can  be  considered  in  relation  to  the  whole 
available  evidence. 

THE  RELATION  BETWEEN  THE  DEGREE  OF  DETERIORATION  AND 
THE  EXTENT  OF  INJURY 

The  range  in  extent  of  the  lesions  in  the  series  of  operated 
animals  was  from  1.5  to  81.2  per  cent  of  the  total  surface  area  of 
the  cerebrum,  with  an  average  of  31.1  per  cent.  Correlations  be- 
tween the  magnitude  of  the  injury  and  the  amount  of  practice 
required  for  learning  have  been  computed  for  the  various  criteria 
of  learning  for  the  chief  problems  included  in  this  study.  They 
are  given  in  Table  VII.  With  one  exception,  retention  of  Maze  I, 
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the  correlations  are  positive  and  in  most  cases  in  excess  of  three 
times  their  probable  errors.  They  show  clearly  that  for  most  of 
the  problems  there  is  some  relationship  between  the  extent  of 
injury  and  the  amount  of  practice  necessary  for  learning.  Is  this 
a  true  functional  relationship,  or  is  it  a  spurious  result  of  some 
factor  other  than  the  actual  elimination  of  tissue? 

POSSIBLE  CAUSES  OF  SPURIOUS  CORRELATION 

A  spurious  correlation  might  arise  from  any  one  of  the  fol- 
lowing conditions: 

1.  The  severity  of  operative  shock  might  be  proportional  to 
the  amount  of  destruction  of  tissue  or  to  the  amount  of  tissue  de- 
generating within  the  cranial  cavity.  Thus,  recovery  from  the 
operation  might  be  delayed  in  cases  with  extensive  destruction 
and  so  retard  their  learning.  This  might  account  for  the  correla- 
tions in  the  problem  used  immediately  following  operation,  but 
will  not  account  for  the  correlation  in  Maze  IV,  where  training 
of  the  severely  injured  cases  was  begun  4  months  or  more  after 
operation.  It  is  also  inconsistent  with  the  fact  that  the  correla- 
tion for  ]\Iaze  IV  is  as  high  as  that  for  Maze  II  and  higher  than 
that  for  Maze  I,  although  both  the  latter  problems  were  used 
much  sooner  after  operation. 

2.  If  learning  were  conditioned  by  the  intactness  of  a  single 
insular  association  area,  a  greater  percentage  of  large  than  of 
small  lesions  would  invade  this  area  by  chance  and  retardation 
would  occur  more  frequently  among  animals  with  large  lesions 
than  among  those  with  small.  In  the  discussion  of  the  retardation 
from  lesions  in  different  areas,  it  has  been  shown  that  the  injuries 
in  quite  different  parts  of  the  cortex  are  equally  effective  in  pro- 
ducing retardation  and  that  no  common  area  is  involved  in  all 
retarded  cases.  Moreover,  inspection  of  Table  XI  and  Figure 
9  shows  that  the  correlation  is  not  due  to  inclusion  of  different 
proportions  of  retarded  and  unretarded  cases  in  different  parts 
of  the  range.  The  deviations  in  amount  of  practice  form  a  con- 
tinuous series,  as  does  the  percentage  of  destruction. 

3.  A  similar  argument  might  be  advanced  with  respect  to  the 
invasion  of  subcortical  nuclei.  The  more  extensive  cortical  le- 
sions are  attended  by  injuries  to  the  thalamus  and  other  struc- 
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tures  which  may  be  the  important  centers  for  learning.  I  have 
corrected  for  this  possibiHty  in  the  case  of  the  thalamus.  Eleven 
of  the  37  cases  showed  some  injury  to  the  thalamus,  for  the  most 
part  very  slight,  but  in  a  few  cases  quite  extensive.  Correlations 
for  ]Maze  III  were  computed  separately  for  the  26  cases  without 
thalamic  lesions  and  for  the  11  with  such  injuries.  They  were 
the  following: 

For  all  cases.  p=o.S6  for  errors 

For  cases  without  thalamic  lesion,  /)  =  o.83  for  errors 
For  cases  with  thalamic  lesions,      p=o.&6  for  errors 

The  omission  of  the  thalamic  cases  thus  reduces  the  correlation 
only  from  0.86  to  0.83,  and  there  is  no  reason  to  believe  that  the 
striatum,  septum,  or  hippocampal  structures  are  more  intimately 
concerned  with  maze  learning  than  is  the  thalamus,  and  so  we 
cannot  ascribe  the  correlation  to  injury  to  subcortical  struc- 
tures.^ 

It  seemed,  on  the  other  hand,  that  failure  to  take  the  sub- 
cortical lesions  into  consideration  might  have  resulted  in  a  lesser 
correlation  than  actually  exists  between  neural  mass  and  rate  of 
learning,  since  measurement  of  the  surface  area  does  not  express 
the  full  extent  of  injury.  I  have  attempted  to  correct  for  this  in 
the  following  way : 

The  lesions  to  subcortical  structures  for  each  case  are  shown 
in  Table  VIII.  A  number  was  assigned  to  each  structure,  a  pure- 
ly arbitrary  estimate  of  its  relative  importance,  determined 
chiefly  by  its  relation  to  projection  tracts.  These  numbers  were: 
septum,  I ;  striatum,  2 ;  fornix,  i ;  hippocampus,  i ;  superior  col- 
liculus,  i;  thalamus,  3.  For  striatum,  hippocampus,  and  thala- 
mus the  lesions  were  recorded  as  of  three  grades:  slight,  medium, 
and  extensive;  others  as  of  one  grade  only.  The  sum  of  the 
products  of  structure  number  by  grade  of  injury  gave  an  index 
number  for  each  animal.  Thus  an  animal  with  injury  to  the  sep- 
tum, nucleus  habenula,  superior  colliculus,  and  dorsal  halves  of 
both  hippocampi  received  the  total  score  of  7.  The  animals  were 
assigned  numbers  corresponding  to  their  rank  order  on  the  basis 

'  This  is  not  true  for  the  habit  of  brightness  discrimination,  as  will  be 
brought  out  later. 
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of  surface  injury.  To  these  numbers  the  indices  of  subcortical 
injury  were  added,  and  on  the  basis  of  the  sums  a  new  rank  order 


TABLE  VIII 

Record  of  the  Subcortical  Lesions  for  All  Cases 
Included  in  Table  I 


No. 

Thalamus 

Slriaum 

Superior 
Colliculus 

Hippocampus 

Septum 

I 

2 

z 

A 

iC           ... 

6     

8     

l(?) 

I 

I 
2 

12 

14. 

I 

I  C 

i6 

2 

I 
I 

17   



18 

10 

20 

I 
I 

3 

I 

2 

2  I 

22 

I 
2 
2 
I 

2? 

I 

24 

2s 

2 

26 

I 

1 

I 

28              ... 

I 

I 

2Q              

I 
I 

I 

2 

3 

2 
2 

I 

3 
3 
3 
2 

I 

3 

2 
2 
2 
2 

3 
2 

I 

1A 

I 

3 
3 

I 

?!; 

^6 

I 

?7 

was  determined  and  correlated  with  the  training  records.  This 
gave  for  Maze  III  the  following  coefficients: 

Time,  />=o.672, 
Errors,  />=o.874, 
Trials,  p=o.8oo, 
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which  represent  an  increase  in  all  coefficients  of  about  3  per  cent 
over  those  obtained  by  consideration  of  the  superficial  lesions 
only.  No  dependence  can  be  placed  on  these  as  absolute  values, 
but  they  serve  to  show  that  if  lesions  to  internal  structures  could 
be  accurately  evaluated  the  method  would  most  probably  reveal 
a  still  closer  correspondence  between  learning  ability  and  amount 
of  functional  tissue  than  is  shown  by  computing  surface  lesions 
only. 

4.  If  retardation  were  due  solely  to  the  destruction  of  a  criti- 
cal amount  of  tissue,  the  inclusion  of  animals  with  injuries  both 
above  and  below  this  quantity  might  result  in  some  correlation. 
Table  XI  (page  73)  shows,  for  the  four  mazes,  the  average 
amount  of  practice  required  by  animals  with  different  amounts 
of  destruction.  For  Maze  I  there  is  a  pronounced  increase  in  the 
amount  of  practice  required  when  the  lesion  exceeds  20  per  cent; 
for  Mazes  II  and  III,  when  it  exceeds  10  per  cent.  No  such  sud- 
den increment  appears  with  Maze  IV.  But  above  this  critical 
point  for  each  of  the  mazes  the  increase  in  practice  follows  the  in- 
crease in  extent  of  lesion,  so  that  there  can  be  no  doubt  that  the 
amount  of  practice  is  a  continuous  function  of  the  extent  of  in- 
jury. 

This  seems  to  exhaust  the  possible  sources  of  spurious  cor- 
relation. None  of  the  four  is  adequate  to  account  for  the  rela- 
tionships found  for  the  maze  habits,  and  the  conclusion  seems 
justified  that  the  retardation  in  learning  is  a  true  function  of  the 
extent  of  injury  to  the  cerebrum. 

ANALYSIS  OF  THE  CORRELATIONS 

Turning  now  to  a  comparison  of  the  correlations  between  le- 
sion and  practice  shown  in  the  different  problems  (Table  VII), 
we  find  a  range  from  a  high  positive  to  a  slight  negative.  The 
maximum  correlation  was  given  by  Maze  III.  The  distribution 
of  cases  for  extent  of  lesion  and  errors  in  training  is  shown  in 
Figure  16.  The  correlation  is  obviously  continuous  throughout 
the  greater  part  of  the  range.  The  correlations  for  this  problem 
are  0.61  for  time,  0.86  for  errors,  and  0.77  for  trials;  are  remark- 
ably high;  and  are  significantly  greater  than  their  probable  er- 
rors. 
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The  correlations  for  the  other  mazes  are  less  reliable  than 
those  for  Maze  III,  and  their  lesser  magnitude  presents  some  dif- 
ficulty of  interpretation.  If  brain  injuries  act  uniformly,  we 
should  expect  to  find  the  same  correlation  for  all  the  mazes,  even 
though  a  relatively  smaller  retardation  were  produced  by  a  given 
extent  of  lesion  in  one  than  in  another.  That  is,  the  regression  of 
practice  on  extent  of  destruction  should  be  less  where  the  abso- 
lute retardation  is  less,  but  the  relative  influence  of  different 
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Fig.  1 6. — Distribution  of  extent  of  injury  and  errors  in  learning  ]\Iaze  III. 
Ordinates  represent  percentage  of  neopallium  destroyed;  abscissae,  number  of  errors 
made  during  training. 

amounts  of  injury  should  remain  the  same.  It  must  be  remem- 
bered, however,  that  the  rate  of  formation  of  the  maze  habit  is 
subject  to  many  chance  influences  and  that  the  smaller  the  ab- 
solute effect  produced  by  any  agent  the  greater  is  the  likelihood 
that  the  effect  will  be  concealed  by  chance  factors,  and  conse- 
quently the  smaller  will  be  any  correlation  which  depends  upon 
the  isolation  of  the  effects  of  the  single  agent.  Table  IX  com- 
pares the  magnitude  of  the  correlations  for  errors  and  lesions 
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with  the  range  of  variation  in  errors  for  the  different  problems. 
The  correlations  follow  roughly  the  amount  of  variation  in  the 
rate  of  learning  and  so  bear  out  the  conclusion  that  the  lower 
correlations  are  due  to  the  unreliability  of  the  simpler  mazes 
for  the  detection  of  slight  individual  differences. 

From  this  it  seems  just  to  conclude  that  the  correlation  for 
Maze  III  represents  most  truly  the  relationship  between  the 
magnitude  of  lesion  and  the  degree  of  retardation  in  learning. 
We  have  seen,  from  the  consideration  of  the  possible  causes  of 

TABLE  IX 

Comparison  of  the  Magnitude  of  the  Correlations  be- 
tween Extent  of  Cerebral  Destruction  and  Retar- 
dation IN  Learning  with  the  Range  of  Variation  in 
Errors  for  Each  of  the  Problems  Studied 


Maze  III 

Maze  II 

Maze  IV    

Retention,  Maze  III 

Brightness  discrimination. 

Reversal.  Maze  I 

Maze  I,  learning 

Retention,  Maze  I 


Average 
Correlation 


0.58 

0-55 
0.46 

0.45 
0.38 
o.  20 
0.02 


Range  of  Varia- 
tion in  Errors 


2,282 
632 
766 
578 


91 
50 


spurious  correlation,  that  the  constants  obtained  represent  a 
real  and  continuous  relation  between  the  amount  of  destruction 
and  the  difficulty  in  learning.  Since  shock  seems  to  be  eliminated 
by  the  comparison  of  results  with  Mazes  III  and  IV,  it  seems 
necessary  to  conclude  that  the  rate  of  learning  is  dependent  upon 
the  amount  of  cerebral  tissue  which  remains  intact  and  capable 
of  functioning.  Where  the  range  in  the  total  amount  of  tissue  is 
very  great,  as  in  these  experiments,  and  where  the  learning  ca- 
pacity is  not  obscured  by  chance  factors,  as  with  Maze  III,  the 
correspondence  is  so  close  as  to  suggest  that  learning  of  this  sort 
is  a  direct  function  of  the  quantity  of  tissue. 

correlations  within  separate  cortical  fields 
We  have  next  to  inquire  whether  this  quantitative  relation- 
ship holds  for  all  parts  of  the  cortex  or  only  within  restricted 
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areas.  The  correlations  between  extent  of  injury  and  number  of 
errors  made  in  training  have  been  computed  separately  for 
Mazes  III  and  IV  for  each  of  the  principle  histological  areas 
listed  in  Tables  V  and  VI.  The  constants  obtained  are  shown  in 
Table  X.  They  range  from  0.55  to  0.90,  and  the  majority  are 
above  0.70.  The  number  of  cases  in  each  group  is  too  small  to 
give  reliability  to  the  coefficients,  but  all  are  positive  and  surpris- 
ingly uniform  for  such  small  samples.  Considered  as  a  whole, 
they  give  clear  evidence  that  within  each  of  the  cyto-architectur- 

TABLE  X 

Correlations  between  Extent  of  Cerebral  Lesion  and  Number  of  Errors 
Made  in  Training  in  Mazes  III  and  IV,  within  Separate  Groups  of 
Animals  Having  Lesions  Confined  Largely  to  Single  Histological 
Divisions  of  the  Cortex 


Motor 

Somesthetic 

X'isuai 

Visuo- 
somesthetic 

Transitional 

Maze  III: 

p  for  errors 

Number  of  cases .  .  . 
Maze  IV: 

p  for  errors 

Number  of  cases .  .  . 

0.90 

S 

0.90 
5 

0.80 
4 

0.60 
6 

0.73 

7 

O.S5 
9 

0.68 
10 

0.78 
7 

al  fields  the  degree  of  retardation  in  learning  produced  by  brain 
injury  is  proportional  to  the  magnitude  of  the  injury.  We  have 
seen  from  the  data  presented  in  the  preceding  section  that  re- 
tardation is  produced  by  a  lesion  in  any  of  the  cortical  fields  and 
that  diverse  lesions  of  equal  magnitude  produce,  on  the  average, 
equal  effects.  The  approximately  equal  correlations  within  the 
single  fields  further  show  that  the  retardation  is  dependent  solely 
upon  the  extent  of  destruction,  irrespective  of  its  locus  within  the 
cerebral  hemispheres.  For  learning  of  the  mazes  no  part  of  the 
cortex  is  more  important  than  any  other.  This  would  seem  to 
imply,  as  a  corollary,  that  in  maze  learning  the  functions  of  the 
different  cerebral  areas  are  qualitatively  the  same.  This  would 
follow  certainly  if  an  exact  quantitative  equivalence  of  different 
parts  were  shown,  but  the  correlations  are  not  reliable  enough  to 
establish  such  an  exact  relationship.  Further  discussion  of  this 
question  must  be  postponed  until  data  on  the  sensory  compo- 
nents of  the  maze  habit  have  been  presented. 


LESIONS  AND  LEARNING  ABILITY  69 

CORRELATION'S  FOR  THE  HABIT  OF  BRIGHTNESS  DISCRIMINATION 

The  average  correlation  of  />=o.45  for  the  brightness  habit 
is  puzzHng.  Animals  with  brain  lesions  are,  on  the  average, 
slightly  superior  to  normals  in  the  formation  of  this  habit,  yet  the 
greater  the  lesion  the  less  readily  they  learn.  Fortunately  data 
are  available  for  a  check  upon  this  result.  In  a  previous  study  of 
the  formation  of  this  habit  after  occipital  lesions  ( 1 9 2  7 ) ,  I  found 
a  correlation  of  only  p^=o.ii±o.i4  between  extent  of  injury 
and  amount  of  practice  for  learning.  In  that  series  the  maximum 
destruction  was  43  per  cent  of  the  cortex.  If  we  exclude  all  cases 
of  the  present  series  with  more  than  this  amount  of  destruction, 
the  correlation  for  the  remaining  cases  falls  to  p^o.ii±o.i'j, 
indicating  that  the  larger  correlation  is  due  to  the  inclusion  of 
the  cases  with  the  more  extensive  lesions.  Among  these  latter 
were  several  with  injury  to  the  visual  nuclei  of  the  thalamus.  If 
we  omit  the  cases  with  evident  lesion  to  the  visual  thalamic  nu- 
clei, the  correlation  is  reduced  from  />=o.45  to  />— 0.22.  A  simi- 
lar omission  in  computing  the  correlations  for  Maze  III  results 
in  a  reduction  of  only  2  per  cent  in  the  coefficient  for  that  func- 
tion. Thus  it  appears  that  the  greater  part  of  the  correlation  for 
the  brightness  habit  is  the  result  of  the  inclusion  of  cases  with 
thalamic  injuries  and  that  this  factor  does  not  contribute  in  equal 
degree  to  the  correlations  for  the  mazes. 

There  is  evidence  from  other  sources  that  injuries  to  the 
optic  radiations  or  lateral  geniculate  bodies  retard  the  formation 
of  the  visual  habit,  and  we  may  safely  conclude  that  the  appar- 
ent dependence  of  this  habit  upon  the  extent  of  cortical  lesion  is 
largely  the  result  of  the  inclusion  of  cases  with  thalamic  injuries. 

However,  this  does  not  clear  up  the  whole  problem.  There 
remains  the  apparent  superiority  of  operated  over  normal  ani- 
mals in  the  learning  of  brightness  discrimination.  Herrick  (1926, 
pp.  205-9)  has  discussed  this  question  in  some  detail.  He  con- 
cludes, "The  presence  of  uninjured  cerebral  cortex  may  actually 
retard  learning  a  very  simple  habit  by  reason  of  the  complication 
of  the  processes  through  intercurrent  cortical  associations  from 
other  sensory  fields."  A  parallel  case  is  perhaps  the  readier  as- 
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sorting  of  weights  in  the  Binet  tests  by  children  than  by  adults. 
However,  the  superiority  of  the  operated  animals  in  the  visual 
problem  is  slight  and  may  well  be  due  to  chance. 

CEREBRAL  FUNCTION  AS    CONDITIONED  BY   THE  COMPLEXITY  OF 

THE  PROBLEM 

Three  of  the  problems  used,  Mazes  I,  II,  and  III,  involve, 
in  so  far  as  one  can  determine,  the  same  kind  of  sensory  and  mo- 
tor processes.  They  differ  in  the  length  of  the  true  path,  in  the 
number  of  turns  to  be  made,  and  in  the  relative  position  of  the 
turns,  but  present  strictly  comparable  sensory  situations.  Maze 
IV  differs  from  these  three  both  in  the  intensity  of  motivation 
(restriction  of  activity  to  a  narrow  and  somewhat  unsteady 
path)  and  in  the  sensory  cues  which  it  presents.  Although  its  ob- 
jective complexity  is  the  same  as  that  of  Maze  III,  normal  ani- 
mals required  less  than  half  as  much  practice  to  learn  it  as  to 
learn  the  corresponding  inclosed  maze.  Although  I  have  included 
the  records  from  it  in  the  following  tables,  it  must  be  borne  in 
mind  that  it  is  not  strictly  comparable  to  the  other  three. 

The  three  inclosed  mazes  present  respectively  one,  three,  and 
eight  culs-de-sac  to  be  avoided.  This  gives  no  measure  of  their 
actual  difficulty,  which  can  be  determined  only  empirically.  For 
normal  animals  the  average  numbers  of  errors  miade  in  learning 
the  three  mazes  were  the  following:  Maze  III,  47.4;  Maze  II, 
16.2;  and  Maze  I,  7.3.  This  gives  a  ratio  of  relative  difficulty 
for  the  three  of  6.5:2.2:1.  The  mazes  were  used  in  the  order, 
III,  II,  I,  which  means  that  positive  transfer,  due  to  adaptation 
to  handling  and  the  like,  must  favor  the  simpler  mazes  and  tend 
to  reduce  the  relative  amount  of  practice  required  for  learning 
them.  In  spite  of  this,  relatively  less  practice  is  required  by  nor- 
mal animals  for  the  complex  mazes  than  for  the  simpler. 

For  comparisons  of  the  records  of  operated  animals,  a  com- 
plication is  introduced  by  the  fact  that  not  all  of  the  animals 
reached  the  criterion  of  10  successive  errorless  trials  within  the 
limits  of  the  experiment,  and  that  training  was  discontinued  aft- 
er an  arbitrarily  limited  amount  of  practice.  An  attempt  was 
made  to  set  a  limit  for  each  maze  proportionate  to  the  average 
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trials  required  by  normal  animals,  but,  as  it  turned  out,  the  limits 
set  for  the  simpler  mazes  were  relatively  too  low.  The  number  of 
trials  at  which  training  was  terminated,  wuth  its  ratio  to  the  nor- 
mal average  for  learning,  is  given  below: 


Maze  HI 

Maze  II 

Maze  1 

Trials 

Ratio  to  normal 

ISO 

75:1 

100 
6.0:1 

60 
4.0:1 

Eleven  animals  failed  ]\Iaze  III;  3  failed  Maze  II;  and  6, 
Maze  I.  Thus,  if  we  include  all  cases,  we  may  exaggerate  the 
practice  required  for  Maze  III,  since  150  trials  on  this  maze  rep- 
resents a  relatively  worse  record  than  60  trials  on  Maze  I.  On 
the  other  hand,  if  we  exclude  all  cases  which  did  not  finish,  we 
throw  out  more  of  the  poorer  records  for  Maze  III  and  so  de- 
crease its  apparent  difficulty  in  relation  to  the  others. 

However,  the  majority  of  errors  are  made  during  the  early 
trials,  and,  by  basing  our  comparison  upon  errors,  we  avoid  much 
of  this  difficulty.  The  errors  made  by  all  animals  in  the  three 
mazes  were  the  following : 


Maze  III 

Maze  II 

Maze  I 

Average  errors,  all  cases 

Ratio  on  Maze  I 

460.0 
•20.6 

77.8 
3-5 

22.3 

I 

Excluding  those  animals  which  failed  to  reach  the  criterion  of 
learning  we  find: 


Maze  III 

Maze  II 

Maze  I 

Average  errors,  all  cases  which  learned 

Ratio  on  Maze  I 

306.8 
20.6 

52.0 
3-5 

14.9 
I 

The  relative  amounts  of  practice,  measured  in  errors,  required 
for  learning  the  three  mazes  are  thus  exactly  the  same,  whether 
we  include  or  exclude  the  cases  which  failed  to  reach  the  criterion 
in  the  allotted  time.  The  following  discussion  is  therefore  based 
upon  the  error  records  of  all  animals. 
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The  relative  amounts  of  practice  required  by  operated  and 
by  normal  animals  are  shown  by  the  following  figures: 


Normal  animals: 

Errors  in  learning 

Ratio  on  Maze  I 

Operated  animals: 

Errors  in  learning 

Ratio  on  Maze  I 

Ratio  of  operated  on  normal 


Maze  III 


47-4 
6.5 

460.0 
20.  62 
9.7:1 


Maze  II 


16.  2 
2.  2 

77.8 

3-49 
4.8:1 


Maze  I 


7-3 
i.o 

22.3 
1.0 
3.0:1 


These  figures  show  clearly  that  the  relative  difficulty  of  the  com- 
plicated mazes  is  greater  for  the  animals  with  brain  lesions  than 
for  normals.  Whereas  the  operated  animals  required  only  three 
times  as  much  practice  for  learning  Maze  I  as  did  normals,  they 
required  almost  five  times  as  much  for  Maze  II  and  ten  times  as 
much  for  Maze  III.  This  shows  that  the  greater  the  difficulty 
of  the  maze  for  normal  animals,  the  greater  is  the  relative  amount 
of  retardation  produced  by  brain  injury. 

For  normal  animals  an  increase  in  the  number  of  culs-de- 
sac  to  be  learned  did  not  proportionately  increase  the  difficulty 
of  the  problem.  For  the  operated  animals,  on  the  contrary,  in- 
crease in  the  number  of  culs-de-sac  resulted  in  a  disproportion- 
ate increase  in  the  difficulty  of  the  problem.  This  corresponds 
to  the  finding  of  Miiller  (1911)  that,  whereas  learning  by  the 
"whole"  method  is  advantageous  for  normal  children,  it  is  de- 
cidedly disadvantageous  for  the  feeble-minded. 

We  must  next  inquire  the  relation  of  the  three  variables:  ex- 
tent of  injury,  complexity  of  the  problem,  and  degree  of  retarda- 
tion in  learning.  Is  the  relative  increase  in  difficulty  with  com- 
plexity the  same  for  all  amounts  of  injury?  To  test  this,  the  ani- 
mals have  been  divided  into  groups  by  successive  increments  of 
10  per  cent  destruction,  and  the  average  errors  in  learning  the 
mazes  computed  for  each  group.  These  averages  are  given  in 
Table  XI.  The  groups  are  small,  ranging  from  4  to  11  cases,  so 
that  a  good  bit  of  chance  variation  is  to  be  expected.  With  only 
two  exceptions  the  increase  in  amount  of  practice  for  all  mazes 
follows  the  increments  in  amount  of  destruction. 

The  ratios  of  practice  required  for  Mazes  II  and  III  and  IV 
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to  that  for  ]\Iaze  I  are  included  in  the  table.  The  relative  diffi- 
culty of  Maze  II  in  comparison  with  INIaze  I  shows  little  change 
with  increase  in  the  extent  of  lesion.  The  records  for  Maze  III, 
on  the  contrary,  show  a  definite  trend  toward  a  disproportionate 
difficulty  for  the  cases  with  greater  injuries.  This  difference  be- 
tween the  ratios  for  INIazes  II  and  III  is  probably  due  to  the  fact 
pointed  out  before,  that  Maze  II  is  more  nearly  equal  in  difficul- 
ty to  Maze  I  than  is  indicated  by  the  error  records. 

TABLE  XI 

COMPAKISON  OF  THE  RETARDATION  IN  LEARNING  MaZES  OF  DIFFERENT 

Complexity  Produced  by  Lesions  of 
Different  Magnitudes 


No.  OF 

Cases 


II 


4 

I 

4 
4 

7 


Percent- 
age OF 
Destruc- 
tion 


l-io 

II-20 

21-30 
31-40 
41-50 

50+ 


Errors  in  Learning 


Maze  I  Maze  II  Maze  IV    Maze  III 


6.6 
7.2 
31-8 
29-3 
34-7 
40.0 


15-4 
40.0 

43-5 
63.2 
52.8 
66.6 


33-4 
33-7 
46.  2 

530 
53- 9 
60.0 


72.0 
266.0 
396.0 
485.0 
580.0 
I , 446 . o 


Ratio  to  Maze  I 


Maze  I   Maze  II  Maze  IV  Maze  III 


50 
4-7 
1-4 
1.8 
1.6 
1-5 


10.9 
36.9 
12.4 
16.5 
17.0 
36.2 


It  may  be  noted  in  Table  XI  that  for  each  of  the  mazes  there 
is  one  short  range  in  extent  of  lesion  with  marked  increase  in  the 
amount  of  practice  required  for  learning.  For  Maze  I  this  in- 
crease is  at  20  per  cent  (7.2  to  31.8  errors).  For  Mazes  II  and 
III  it  is  at  10  per  cent  (15.4  to  40.0  and  72.0  to  266.0  errors). 
Whether  this  indicates  a  critical  amount  of  destruction  necessary 
to  retard  learning  or  is  a  chance  variation  cannot  be  determined 
from  the  data  at  hand.  In  the  records  for  Maze  IV  there  is  no 
sharp  break  in  continuity,  so  that  it  seems  hkely  that  it  is  a 
chance  effort  in  the  other  records. 

The  data  of  Table  XI  with  the  irregularities  smoothed  out 
have  been  embodied  in  the  graph  of  Figure  17.  Amount  of  de- 
struction, practice  for  learning,  and  relative  difficulty  of  the 
problems  for  normals  are  illustrated  as  variables  in  the  three  di- 
mensions. The  absolute  values  are  uncertain,  but  I  believe  that 
the  figure  represents  a  justifiable  interpretation  of  the  trend  of 
the  results. 
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The  simpler  problem  offers  difficulties  which  are  not  much 
greater  for  animals  with  brain  lesions  than  for  normal  ones;  and, 
correspondingly,  the  difficulty  does  not  greatly  increase  with  in- 
creasing magnitude  of  brain  injury.  The  more  complex  problem, 


MAZE  I 


21-30  31-10  HI-SO 

rerceni  destruction 


Fig.  17. — The  relation  between  the  extent  of  cerebral  lesion,  difficulty  of  the 
problem  to  be  learned,  and  degree  of  retardation.  The  separation  of  the  curves 
represents  the  relative  difficulty  of  the  problems  for  normal  animals;  the  abscissae 
of  the  curves,  the  percentage  destruction;  and  the  ordinates,  the  number  of  errors 
made  during  training. 

on  the  other  hand,  is  more  difficult  for  animals  with  lesions  than 
for  normals;  and  as  the  magnitude  of  the  lesion  increases,  the 
difficulty  of  the  problem  becomes  progressively  greater. - 

^This  is  borne  out  by  the  results  of  Cameron  (1928)  on  maze  learning 
after  frontal  lesions.  He  used  a  maze  more  complicated  than  any  included  in 
my  study,  and  found  a  marked  reduction  of  learning  ability  after  smaller  lesions 
than  were  effective  in  my  cases. 
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The  results  with  the  habit  of  brightness  discrimination  do 
not  seem  to  be  in  harmony  with  this  conclusion,  nor  are  those 
with  the  double-platform  box  reported  earlier  (Lashley,  1920). 
In  the  learning  of  both  of  these  problems  the  operated  animals, 
even  wuth  very  extensive  cerebral  lesions,  gave  no  indication  of 
retardation.  Yet,  measured  in  terms  of  practice  required  for 
learning  by  normal  animals,  these  two  problems  are  very  rnuch 
more  difficult  than  are  any  of  the  mazes.  The  average  for  normal 
animals  on  the  double-platform  box  is  142^9  trials;  and  for  the 
brightness  habit,  135^12.  The  most  difficult  of  the  mazes  re- 
quired only  19  trials  for  normal  animals.  Thus  the  two  problems 
on  the  learning  of  which  cerebral  injury  had  no  effect  seem  to  be 
very  much  more  difficult  than  the  mazes. 

This  apparent  inconsistency  in  the  results  with  the  different 
problems  may  be  due  to  any  of  a  number  of  factors.  We  have 
seen  that  it  cannot  be  ascribed  to  differences  in  the  incentives 
used,  but  there  remain  possibilities  of  differences  in  the  sensory 
or  motor  components  involved  in  the  habits.  It  may  also  be  that 
the  unaffected  habits  are  psychologically  more  simple  than  the 
maze  habits,  even  though  the  practice  required  by  normal  ani- 
mals is  greater.  Discussion  of  this  must  be  postponed  until  the 
experiments  bearing  upon  the  sensory  requirements  of  the  maze 
have  been  considered. 


CHAPTER  IV 

THE  INFLUENCE  OF  BRAIN  INJURIES 
UPON  RETENTIVENESS 

The  human  clinical  literature  on  organic  amnesias  deals  al- 
most exclusively  with  the  loss  of  memories  acquired  before  the 
cerebral  insult,  and  we  have  few  data  upon  retentiveness  for  ma- 
terial learned  after  recovery  from  the  shock  of  the  trauma.  A 
cursory  examination  of  cases  of  complete  aphasia  or  traumatic 
dementia  gives  an  impression  of  a  reduction  in  retentiveness,  but 
I  know  of  no  quantitative  data  on  the  point. 

TABLE  XII 

Comparison  of  Retention  Tests  for  Normal  and  Operated  AN^MALS  for 
Mazes  and  Brightness  Discrimination.  The  Differences  Are  Expressed 
IN  .\bsolute  Time,  Errors,  and  Trials,  and  Also  as  Percentage  of  the 
Amount  of  Practice  Required  for  Relearning  by  the  Norm.al  A^^MALS 


Maze  HI 

Maze  I 

Brightness 

DlSCRIMINA- 
TIOX 

Time 

(in 
Seconds) 

Errors 

Trials 

Time 
(in 
Sec- 
onds) 

Errors 

Trials 

Errors 

Trials 

Normal  animals 

Operated  animals 

Difference 

Percentage  difference  on 
normal  records 

86+9 

1,001  +  51 

9i5±S2 

1.074 

7+1 
91  ±6 
84  +  6 

1,200 

2  +  0.3 

2I±  2 

i9±  2 
9SO 

18+2 
79+12 
61  +  12 

338 

2±0.3 

11  +  2 

9±2 

4SO 

S+i 
14+3 
9+3 

180 

2  +  0. s 
3±o.S 
1  +  0.7 

SO 

I3±2 

IS±2 

2±3 

IS 

Average  percentage . 

1,014 

323 

33 

In  our  experiment  on  learning  after  cerebral  injuries,  tests 
for  retention  of  the  habits  of  IMaze  III,  Maze  I,  and  brightness 
discrimination  were  carried  out  at  an  interval  of  40  days  after 
the  completion  of  initial  training.  The  results  of  these  retention 
tests  are  summarized  in  Table  XII.  The  differences  between  op- 
erated and  normals  are  large  for  the  mazes  and  significantly 
greater  than  their  probable  errors.  As  in  initial  learning,  the  dif- 
ferences are  greater  for  Maze  III  than  for  Maze  I.  For  bright- 
ness discrimination  the  absolute  differences  are  very  slight  and 
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not  statistically  valid.  Thus  in  retention  tests  in  the  mazes  the 
operated  animals  are  inferior  to  normals,  whereas  they  are  prac- 
tically equal  in  the  retention  of  the  brightness  habit.  This  corre- 
sponds to  the  finding  in  initial  learning  in  which  the  capacity  to 
form  the  maze  habits  was  reduced  and  that  for  the  brightness 
habit  unaffected. 

Correlations  for  all  operated  animals  between  scores  in  ini- 
tial learning  and  in  retention  tests  were: 

For  errors,  Maze  III.  /)=o.65rto.o8 
For  errors.  Maze  I,      />=o. 23^0.13 

Including  only  the  cases  which  reached  the  criterion  in  Maze  III, 
the  correlation  for  errors  is  /j=o.54±:0.io.  For  brightness  dis- 
crimination the  correlation  for  errors  between  learning  and  re- 
learning  is  p=0.lO±:0.l^. 

For  Maze  III  there  is  here  a  clear  indication  that  the  animals 
which  learn  slowly  tend  also  to  make  poor  scores  in  retention 
tests.  This  is  further  indicated  by  the  correlations  between  the 
extent  of  brain  injury  and  the  practice  required  in  retention 
tests.  These  correlations  for  the  different  criteria  are  p  time  = 
0.13,  />errors=o.5iito.ii,  /> trials  =0-5 7zto. 10.  These  show  that, 
within  the  operated  group,  the  retention  records  are  to  some  ex- 
tent influenced  by  the  extent  of  lesion.  For  Maze  I  the  corre- 
sponding correlations  are  insignificant,  averaging  — o.oi±o.i4 
for  the  three  criteria. 

The  inferiority  of  the  operated  animals  in  retention  tests 
seems  to  be  established,  but  this  does  not  necessarily  mean  that 
their  capacity  to  retain  is  affected.  The  relation  between  reten- 
tion and  relearning  is  an  important  problem  here.  The  method 
of  studying  retention  used  in  these  experiments  is  essentially 
the  savings  method  devised  by  Ebbinghaus.  Where  this  is  used, 
as  Ebbinghaus  first  used  it,  to  test  learning  and  retention  in  a 
single  individual  under  uniform  conditions,  it  forms  a  justifiable 
measure  of  retention,  since  we  may  assume  that  the  individual's 
capacity  to  learn  in  the  initial  training  and  in  the  retention  test 
is  the  same  and  that  the  amount  of  practice  in  the  retention  test 
is  therefore  an  index  of  the  amount  of  loss  of  the  habit  preced- 
ing the  test.  For  tests  involving  the  use  of  two  sets  of  subjects 
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differing  in  learning  ability,  the  problem  is  more  complex.  If  the 
subjects  with  the  lower  learning  ability  make  poorer  scores  on 
retention  tests,  this  may  be  a  result  of  a  greater  loss  of  the  habit, 
or  it  may  indicate  only  an  equal  loss  with  a  greater  difficulty  in 
regaining  what  has  been  lost.  These  alternatives  may  be  tested 
either  by  employing  some  form  of  Trefjer  method,  by  which  the 
efficiency  of  performance  in  the  first  trials  of  retention  tests  is 
measured,  or  by  comparing  the  learning  and  retention  records 

TABLE  XIII 

Comparison  of  the  Amount  of  Practice  Required  by  Normal  and 

Operated  Animals  to  Reacquire  the  Habit  of  Maze  III  at 

AN  Interval  of  40  Days  after  Training 


Normal 

Operated 

Time  (in 
Seconds) 

Errors 

Trials 

Time  (in 
Seconds) 

Errors 

Trials 

Initial  learning 

Relearning 

Relearning  as  percentage 
of  initial  learning .... 

1,087 
86 

7-9 

47 
7 

14.9 

19 
2 

10  5 

4,919 
1,001 

20.4 

297 
97 

32.6 

63 
20 

31-7 

Average  percentage. 

II  .1 

28.2 

of  subjects  with  high  and  low  learning  ability  for  disproportion- 
ate retardation  in  relearning.  If  retention  is  the  same  in  all  sub- 
jects, the  relative  amounts  of  practice  for  relearning  should  cor- 
respond to  those  for  learning. 

Initial  learning,  superior  cases  _  Initial  learning,  inferior  cases 
Relearning,  superior  Relearning,  inferior 

We  have  attempted  to  apply  both  tests  to  our  data  in  the  follow- 
ing ways : 

The  average  practice  required  for  initial  learning  and  for  re- 
tention tests  by  normal  and  by  those  operated  animals  which 
completed  learning  tests,  together  with  the  percentages  of  ini- 
tial practice  required  for  relearning,  is  given  in  Table  XIII.  The 
initial  learning  of  operated  animals  has  been  computed  for  those 
cases  which  survived  long  enough  for  retention  tests;  and  as  the 
greater  number  of  deaths  occurred  among  the  cases  with  exten- 
sive lesions,  these  initial  learning  records  are  appreciably  better 
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than  for  the  entire  group  given  in  Table  II.  The  comparison  of 
the  normal  with  the  operated  groups  shows  that  the  animals  with 
brain  lesions  not  only  required  a  great  deal  more  practice,  meas- 
ured in  absolute  terms  by  all  three  criteria  of  learning  for  re- 
acquiring the  habit  than  did  normal  animals  but  also  that  they 
required  relatively  more  practice  in  proportion  to  their  initial 
learning  records.  After  the  interval  of  40  days  the  normals  re- 
quired II  per  cent  of  their  initial  practice  for  relearning.  Under 
the  same  conditions  the  operated  cases  required  28  per  cent  of 
initial  practice  for  relearning. 

Reference  to  Table  I  reveals  the  fact  that  8  of  the  19  ani- 
mals which  reached  the  criterion  in  learning  and  were  tested  for 
retention  of  Maze  III  failed  to  reach  again  the  criterion  of  10  suc- 
cessive errorless  trials  within  the  35  trials  allowed  for  retraining. 
This  fact  still  further  emphasizes  the  inferiority  of  the  operated 
animals  in  relearning,  since,  if  retraining  had  been  continued  un- 
til all  had  relearned  the  problem,  the  average  amount  of  practice 
would  have  been  still  further  increased  and  the  percentage,  ex- 
pressed in  terms  of  initial  practice,  raised  above  28. 

As  a  direct  test  of  retention  a  comparison  of  the  records  for 
the  first  and  second  trials  of  retention  tests  of  normal  and  oper- 
ated animals  is  given  below.  For  this  also,  only  the  records  of 
animals  which  completed  10  successive  errorless  trials  in  learn- 
ing could  be  used. 


Average  time  on  first  trial 

Average  errors  on  first  trial 

Average  time  on  second  trial 

Average  errors  on  second  trial 

Average  time  per  trial  in  lo  errorless 
trials  of  initial  learning 


Normal 


68 . 7  sec. 

5-2 
12.3  sec. 

0.9 

4.6  sec. 


Operated 


233  .6  sec. 

20.0 
182  .1  sec. 

10.6 

6 .  o  sec. 


On  the  first  trial  of  retention  tests  those  operated  animals  which 
had  reached  the  criterion  of  10  errorless  trials  required  almost 
four  times  as  much  time  and  made  four  times  as  many  errors  as 
normals  which  had  reached  the  same  grade  of  efficiency  in  initial 
training.  The  difference  between  the  groups  revealed  by  time  re- 


8o  INTELLIGENXE  AND  THE  BRAIN 

quired  for  errorless  runs  in  initial  learning  is  not  sufficient  to  ac- 
count for  this  inferiority  of  the  operated  group,  so  that  we  must 
ascribe  it  to  a  difference  in  retentiveness.  The  still  greater  inferi- 
ority of  the  operated  animais  on  the  second  trial  is  probably  due 
to  the  additional  influence  of  their  poorer  learning  capacity. 

Thus  it  appears  that  the  inferiority  of  the  operated  animals 
in  retention  tests  with  Maze  III  cannot  be  ascribed  solely  to  the 
defect  of  the  learning  mechanism.  In  relearning,  the  operated 
cases  which  have  learned  the  habit  start  at  a  lower  level  than  do 
normal  animals  and  require  more  than  twice  as  much  practice 
for  relearning  as  would  be  expected  from  their  initial  retarda- 
tion. There  is  a  real  reduction  in  their  retentiveness  for  this 
habit  as  well  as  in  their  ability  to  form  it. 


CHAPTER  V 

THE  COURSE  OF  LEARNING  IN 
DETERIORATED  CASES 

The  material  thus  far  presented  has  dealt  with  the  amount 
of  practice  required  to  reach  a  certain  standard  of  performance. 
Many  of  the  animals  with  extensive  lesions  failed  to  reach  the 
criterion  of  learning  within  the  arbitrarily  limited  practice,  and 
the  comparison  of  their  records  has  been  based  chiefly  upon  the 
number  of  errors  made  within  the  practice  period.  We  must  now 
inquire  whether  the  failure  to  reach  the  criteria  of  learning  indi- 
cates that  the  animals  are  incapable  of  improvement  through 
practice  and,  if  they  do  show  improvement,  whether  or  not  this 
follows  the  laws  of  normal  learning. 

There  is  much  individual  variation  in  the  learning  curves  of 
different  animals  which  it  would  be  unprofitable  to  report  in  de- 
tail. For  illustration  of  the  general  characteristics  of  the  learn- 
ing curves,  cases  34,  35,  36,  and  37  have  been  selected  as  having 
the  maximal  lesions.  The  average  extent  of  destruction  in  them 
is  70.5  per  cent.  For  comparison  with  them  cases  24,  25,  26,  and 
27  have  been  taken  as  presenting  lesions  of  approximately  half 
this  extent  (average  34.3  per  cent).  Individual  learning  curves 
for  Maze  III  based  on  time  records  for  the  four  most  seriously 
retarded  cases  are  represented  in  Figure  18,  together  with  the 
average  time  curve  of  normal  animals.  It  should  be  noted  that 
the  curves  are  constructed  on  semilogarithmic  paper.  This  was 
necessary  in  order  to  include  the  great  range  of  records  upon  a 
single  graph.  It  results  in  curves  with  a  much  more  gradual  slope 
than  would  be  produced  by  plotting  on  ordinary  cross-section 
paper,  but  permits  a  more  ready  comparison  of  the  whole  length 
of  the  curves. 

The  individual  curves  are  very  irregular,  showing  far  more 
pronounced  fluctuations  than  are  characteristic  of  curves  for 
normal  animals;  but  the  general  trend  of  all  is  downward 
throughout  the  course  of  training.   This  is  shown  more  clearly 
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Fig.  1 8. —Individual  learning  curves  for  the  four  animais  with  greatest  extent 
of  destruction  (Nos.  34,  35,  36,  and  37).  Ordinates  represent  average  time  per  trial 
in  seconds;  abscissae,  consecutive  trials  in  groups  of  five.  The  a\erage  curve  for 
normal  animals  is  included  for  comparison. 
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Fig.  19. — Comparison  of  the  learning  curves  for  time  of  normal  animals,  of  4 
animals  with  maximal  destruction,  and  of  4  having  an  intermediate  extent  of 
lesion.  Ordinates  represent  a\erage  time  per  trial;  abscissae,  consecutive  trials  by 
groups  of  5. 
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Fig.  2o.— Comparison  of  the  learning  curves  for  errors  of  the  same  groups  shown 
in  Figure  19.  The  individual  curve  of  the  animal  with  greatest  extent  of  lesion 
(No.  37)  is  included.  Ordinates  represent  the  average  number  of  errors  made  in  5 
trials;  abscissae,  consecutive  groups  of  5  trials.  The  average  of  normal  animals  de- 
scends to  zero  at  the  thirty-fifth  trial  and  cannot  be  represented  on  this  type  of  graph. 
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in  Figure  19,  based  upon  the  average  records  of  the  four  cases. 
There  is  no  indication  that  the  animals  are  approaching  the  Hmit 
of  training  at  150  trials. 

The  records  for  errors  give  a  somewhat  different  picture.  In 
Figure  20  the  average  errors  for  the  same  four  animals  are  pre- 
sented. There  is  little  indication  of  improvement  after  the  first 
25  trials.  However,  the  individual  record  of  No.  37,  the  animal 
with  the  most  extensive  destruction,  shows  a  continuous  im- 
provement throughout  the  course  of  training.  Review  of  the 
records  of  the  others  shows  that  they  each  fell  into  certain  stere- 
otyped errors.  Thus  No.  36  in  150  trials  followed  a  stereotyped 
path  with  4  errors  in  each  of  48  trials. 

In  Figures  19  and  20  the  time-and-error  scores  of  normals, 
of  the  four  animals  with  maximal  destruction,  and  of  the  four 
with  half  as  much  destruction  are  compared  for  Maze  III.  The 
curves  are  distinct  throughout  their  length,  which  is  a  further 
argument  for  the  reliability  of  the  measures  and  the  validity  of 
the  differences  determined  from  total  time  and  error  scores. 

We  have  little  knowledge  of  the  meaning  of  different  forms 
of  learning  curves.  The  curves  for  these  three  groups  do  not 
seem  significantly  different  in  form.  All  show  a  rapid  initial  de- 
scent with  more  gradual  later  improvement,  tending  to  become 
stationary.  In  so  far  as  the  curves  justify  any  conclusions,  these 
are  that  the  course  of  learning  is  qualitatively  the  same  in  nor- 
mal animals  and  in  animals  with  all  degrees  of  injury;  that  the 
rate  of  formation  of  the  habit  alone  is  affected,  and  this  some- 
what in  proportion  to  the  magnitude  of  the  lesion.  Animals  with 
even  the  most  extensive  lesions  are  capable  of  continuous  im- 
provement through  practice,  although  the  tendency  to  stereo- 
typed acts  stops  their  progress  at  a  level  of  efficiency  less  than 
that  of  normals. 


CHAPTER  VI 

THE  EFFECTS  OF  CEREBRAL  LESIONS  SUBSEQUENT 

TO  THE  FORMATION  OF  THE  MAZE  HABIT: 

LOCALIZATION  OF  THE  HABIT 

Previous  work  on  the  habit  of  brightness  discrimination 
(Lashley,  1927),  has  shown  a  fundamental  difference  in  the  ef- 
fects, depending  on  whether  or  not  the  cerebral  injury  was  in- 
flicted before  or  after  training.  If  the  animals  are  first  trained 
and  then  subjected  to  operation,  the  habit  is  abolished  by  any 
extensive  lesion  within  the  occipital  third  of  the  cerebrum,  and 
the  amount  of  practice  necessary  for  relearning  is  closely  pro- 
portional to  the  extent  of  injury,  although  it  does  not  exceed  the 
upper  range  required  for  learning  by  normal  animals.  Destruc- 
tion of  any  other  than  the  occipital  region  does  not  affect  the  re- 
tention of  the  habit.  If  the  destruction  is  made  before  training, 
it  has  no  effect  upon  the  later  formation  of  the  brightness  habit, 
even  though  the  entire  occipital  third  of  the  cortex  is  extirpated. 
Thus  the  habit,  once  formed,  is  definitely  localized,  in  the  sense 
that  it  is  dependent  upon  a  definite  part  of  the  cortex  for  per- 
formance. Its  initial  formation,  on  the  contrary,  is  not  condi- 
tioned by  the  presence  of  any  part  of  the  cortex;  the  learning 
process  is  not  localized,  in  the  foregoing  sense. 

The  present  study  has  shown  that  the  initial  formation  of 
the  maze  habit  is  retarded  by  lesion  in  any  part  of  the  cortex. 
In  this  respect  it  differs  from  the  visual  habit.  Is  retention  of 
the  habit  dependent  upon  any  particular  part  of  the  cortex,  or  is 
it  also  a  function  of  the  entire  cortex? 

We  have  data  upon  learning,  or  retention,  of  three  other 
problems  which  seem  objectively  similar  to  the  maze  habits 
treated  in  the  present  study.  These  problems  are  the  ''simple 
maze,"  the  inclined-plane  box  (Lashley  and  Franz,  191 7),  and 
the  double-platform  box  (Lashley,  1920).  The  habit  of  the 
"simple  maze"  (a  maze  with  one  cul-de-sac  but  differing  in  pat- 
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tern  from  that  used  in  the  present  study)  was  found  by  Franz 
and  the  author  to  survive  the  complete  destruction  of  the  frontal 
third  of  the  cortex,  and  I  have  since  obtained  evidence  that  it 
may  survive  the  destruction  of  any  other  third  of  the  cerebrum. 
It  seems  to  be  non-localized.  The  habit  of  the  inclined-plane  box 
showed  a  definite  localization  within  the  frontal  third  of  the  cor- 
tex. An  unpublished  study  by  Miss  Hunter  (1926)  shows  that 
the  habit  of  the  double-platform  box  is  likewise  localized  in  this 
frontal  region.  The  rate  of  initial  formation  of  the  latter  habit 
is  unaffected  by  the  total  destruction  of  this  frontal  region,  or  by 
any  other  lesion  up  to  50  per  cent  of  the  cortex.  This  habit  thus 
resembles  that  of  brightness  discrimination  in  having  a  definite 
localization  of  the  engram  and  a  rate  of  formation  which  is  inde- 
pendent of  any  Hmited  part  of  the  cortex.  The  simple  maze  habit 
seems  to  be  independent  of  the  cortex  for  retention,  yet  depend- 
ent upon  every  part  of  the  cortex  for  its  formation. 

These  divergent  results  show  the  difficulty  of  making  any 
predictions  concerning  cerebral  function  from  the  objective  at- 
tributes of  the  problems.  For  a  further  understanding  of  cere- 
bral functions  in  the  more  complicated  mazes  it  was  therefore 
necessary  to  carry  out  a  study  of  the  effects  of  lesions  upon  the 
retention  of  the  habit  formed  before  operation.  An  additional 
reason  for  the  study — and  in  fact  the  primary  one,  since  this  ex- 
periment was  concluded  before  that  reported  in  the  foregoing 
sections  was  begun — was  to  check  the  results  of  the  previous 
experiment  on  brightness  discrimination.  In  this  experiment 
(Lashley,  1927)  correlation  of  0.72 zt  0.05  was  found  to  exist 
between  the  extent  of  lesion  and  the  degree  of  amnesia  produced, 
as  measured  by  the  retraining  or  "savings"  method.  This  rela- 
tion held  true  irrespective  of  the  position  of  the  lesion  within  the 
occipital  third  of  the  cerebrum  and  for  all  ranges  of  magnitude. 
Retention  was  little  disturbed  by  small  lesions,  no  matter  what 
their  position  or,  presumably,  what  association  paths  were  sev- 
ered by  them.  Very  extensive  lesions  caused  loss  of  the  habit 
even  when  they  were  so  varied  in  position  as  to  involve  no  sig- 
nificant area  in  common. 

These  facts  seemed  capable  of  either  of  two  interpretations: 
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the  lesions  might  have  produced  areas  of  scotoma  proportionate 
to  their  extent,  thereby  reducing  the  chances  of  adequate  visual 
stimulation  in  similar  proportion,  or  the  degree  of  retention 
might  have  been  in  some  way  dependent  upon  the  total  mass  of 
neural  tissue  remaining  intact  although  independent  of  the  func- 
tioning of  any  particular  areas  or  neurons  within  the  general 
visual  field.  As  arguments  against  the  first  alternative,  the  fol- 
lowing facts  were  adduced,  (i)  Similar  lesions  produced  no  de- 
tectable effects  upon  the  capacity  to  form  the  habit  in  animals 
subjected  to  operation  before  initial  training  in  the  problem.  If 
scotoma  had  existed,  it  should  have  retarded  the  initial  forma- 
tion of  visual  habits  as  well  as  their  re-formation  in  retraining 
tests.  (2)  No  element  in  the  behavior  of  the  animals  suggested 
the  presence  of  blind  areas  within  the  visual  field.  (3)  Recent 
observations  upon  brightness  discrimination  within  scotomatous 
areas  in  man  (Poppelreuter,  1925)  indicate  that  this  primitive 
function  of  brightness  discrimination  is  not  lost  in  cortical  blind- 
ness. 

Such  arguments  seemed  fairly  conclusive  in  favor  of  the  sec- 
ond alternative  and  led  to  the  tentative  conclusion  that,  within  a 
functional  area,  the  efficiency  of  performance  is  conditioned  by 
the  quantity  of  nervous  tissue  available  and  is  independent  of 
any  particular  area  or  association  tracts.  This,  however,  intro- 
duces a  conception  of  cerebral  function  so  divergent  from  cur- 
rent views  that  we  cannot  accept  it  so  long  as  the  possibility  of 
another  and  less  radical  interpretation  of  the  facts  remains.  It 
did  not  seem  possible  to  devise  a  test  which  would  decide  con- 
clusively between  the  possibilities  of  localized  sensory  defect 
and  of  what  I  have  called,  for  brevity,  the  "mass  function"  of 
the  cerebrum,  so  long  as  a  habit  involving  vision  was  used.  But 
another  method  of  settling  the  question,  and  one  which  should 
be  more  conclusive  than  a  continuation  of  the  studies  of  vision, 
is  offered  by  a  repetition  of  the  experiment  with  a  different  type 
of  habit.  For  this  purpose  a  conditioned  reaction  to  auditory  or 
olfactory  stimuli  would  be  most  desirable,  since  there  is  little 
evidence  for  any  zonal  or  spacially  distributed  anesthesias  fol- 
lowing lesions  within  the  cortical  areas  for  these  receptors,  which 
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could  influence  tests  as  might  scotomas;  but  I  have  been  unable 
to  establish  a  satisfactory  training  technique  for  either  of  them. 
A  kinaesthetic-motor  habit  seemed  next  in  order  of  suitabil- 
ity for  the  test  since,  even  though  the  somesthetic  system  has  a 
spacial  projection  on  the  cortex,  the  special  arrangement  is  seg- 
mental and  there  is  no  probability  that  the  production  of  larger 
or  smaller  areas  of  anesthesia  will  proportionately  interfere  with 
the  retention  of  habits  involving  somesthesis.  The  maze  was 
therefore  chosen  as  providing  a  supposedly  almost  pure  somes- 
thetic-motor  habit  for  which  amnesia  is  easily  detected  and  to 
some  degree  measurable  by  retraining  tests. 

SPECIAL  METHODS 

Rats  were  trained  in  Maze  III,  described  in  connection  with 
the  first  experiment.  After  adaptation  in  the  food  compartment, 
they  were  given  i  trial  on  the  first  day  of  training  and  5  trials 
per  day  thereafter  until  a  record  of  10  consecutive  errorless 
trials  (criterion  of  learning)  was  obtained.  With  the  completion 
of  these  trials,  training  was  discontinued  for  10  days;  then  re- 
tention tests  (preliminary  retention  tests)  were  given.  These 
consisted  of  retraining  with  5  trials  per  day  until  the  criterion 
of  learning  was  again  attained.  The  animals  were  then  imme- 
diately subjected  to  operation.  Ten  days  after  operation,  re- 
training was  carried  out  as  before,  training  being  continued  until 
10  consecutive  errorless  trials  were  obtained,  or  until  150  trials 
had  been  given,  in  case  relearning  was  greatly  retarded  (post- 
operative retention  tests). 

Records  of  time  per  trial,  total  number  of  errors  made  in 
each  trial,  and  total  number  of  trials  required  to  reach  the  crite- 
rion of  learning  were  obtained  for  each  animal  for  initial  learn- 
ing, preliminary  retention  tests,  and  postoperative  retention  tests. 
In  addition,  detailed  notes  were  made  on  the  behavior  of  the  ani- 
mals and  on  the  character  of  their  errors  in  the  postoperative 
tests. 

GENERAL  PLAN  OF  EXPERIMENTATION 

The  first  problem  was  to  discover  whether  or  not  the  reten- 
tion of  the  maze  habit  is  dependent  upon  special  areas  of  the  cor- 
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tex;  the  second,  to  determine  the  relationship  between  the  extent 
of  injury  and  the  degree  of  resulting  amnesia.  The  report  of  the 
experiments  is  therefore  divided  into  two  parts — the  first  devot- 
ed to  localization,  the  second  to  mass  function — although  much 
of  the  data  presented  is  relevant  to  both  questions.  Since  lesions 
in  the  visual  and  somesthetic  area  produced  loss  of  the  habit,  it 
was  further  necessary  to  control  the  visual  and  proprioceptive 
factors  in  maze-running;  and  experiments  to  this  end  are  re- 
ported in  a  later  section  of  the  paper. 

The  questions  at  issue  may  be  summarized  as  follows:  (i) 
Is  the  maze  habit  "localized"  in  any  particular  part  of  the  cere- 
bral cortex;  i.e.,  is  the  habit  abolished  by  the  destruction  of  any 
particular  area?  (2)  Is  there  any  correlation  between  the  degree 
of  amnesia  and  the  extent  of  the  lesion  either  within  a  functional 
area  or  within  the  cortex  as  a  whole?  (3)  Are  qualitative  differ- 
ences in  the  character  of  the  amnesia  demonstrable,  and  do  these 
correlate  with  variations  in  the  position  of  the  lesion  within  the 
general  field  of  localization  of  the  habit? 

Approximately  75  animals  were  trained  in  the  maze,  sub- 
jected to  operations  of  the  cerebral  cortex,  and  subsequently 
tested  for  retention.  It  was  later  necessary  to  discard  the  records 
of  a  number  of  these  owing  to  accidental  injury  to  the  thalamus, 
discovered  at  necropsy,  or  to  infection  of  the  wound  or  the  devel- 
opment of  vestibular  disease,  so  that  only  59  relatively  uncom- 
plicated cases  were  obtained  for  statistical  study.  These  include 
lesions  ranging  in  extent  from  4.5  to  50.9  per  cent  of  the  neo- 
pallium and  covering  all  of  the  dorsal  and  lateral  convexities  of 
the  hemispheres.  The  records  of  these  animals  are  included  in 
Table  XIV  and  the  diagram  of  the  lesions  in  Plates  V-X,  Fig- 
ures 60-118.  The  total  area  covered  by  all  operations  is  shown 
in  Figure  21.  For  tests  of  the  visual  factors  in  the  maze,  12  ad- 
ditional animals  were  trained.  Six  of  these  were  blinded  by  enu- 
cleation of  the  eyes  after  training  and  were  tested  for  retention 
of  the  habit  after  blinding.  The  other  six  were  blinded  before 
training,  which  was  followed  by  tests  of  the  effect  of  destruction 
of  the  visual  areas  of  the  cortex.  The  records  for  this  group  are 
given  in  Table  XVHI.  Some  of  the  animals  which  made  very 
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poor  records  in  retention  tests  with  the  maze  were  subsequently 
trained  in  the  habit  of  brightness  discrimination  to  determine 
whether  or  not  the  difficuhy  in  relearning  would  carrj'^  over  to  a 
different  type  of  problem.  Their  records  have  been  presented 
in  Table  IV  (page  46). 

RELATION  OF  THE  LOCUS  OF  INJURY  TO  THE  RETENTION 
OF  THE  MAZE  HABIT 

The  average  amount  of  practice  required  for  initial  learning 
of  Maze  III  by  this  group  of  animals  was  1,911  seconds,  54.5 
errors,  and  24.8  trials  (Table  XIV )/  In  preliminary  retention 


Fig.  21. — Total  area  explored  in  tests  for  postoperative  retention  of  the  habit 
of  Maze  III. 

tests,  ID  days  after  completion  of  training,  their  average  records 
were  64. 8  seconds,  3.8  errors,  and  3.5  trials.  Xo  animal  required 
as  much  practice  for  this  preoperative  relearning  as  the  average 
of  all  for  learning,  and  no  animal  required  as  little  time  or  made 
as  few  errors  in  initial  learning  as  the  average  for  retention,  al- 
though three  learned  in  fewer  than  the  average  of  3.5  trials. 

'  These  averages  are  somewhat  higher  than  those  of  the  control  group  re- 
ported in  Table  II  (1,087  seconds,  47  errors,  and  iq  trials).  The  difference  is 
ascribable  to  the  facts  that  the  mazes  used  were  of  slightly  different  dimensions, 
though  of  the  same  ground  plan,  and  the  animals  of  the  two  groups  were  of  dif- 
ferent hereditary  strains,  in  one  case  pure  albino,  in  the  other  extracted  albino 
from  hooded  stock.  The  latter  seem  somewhat  wilder  and  consequently  slower 
in  adapting  to  the  maze. 


92 


INTELLIGENCE  AND  THE  BRAIN 


TABLE  XIV 

Summary  of  the  Records  of  All  Cases  Tested  for  Retention  of  the  Maze 
Habit  after  Cerebral  Injury.  The  Cases  Are  Arranged  in  the  Order 

OF    MAG^'ITUDE    OF    THE    LeSIONS,    IRRESPECTIVE    OF    ThEIR    POSITION.     ThE 

Total  Tijie  in  Seconds,  Total  Errors,  and  Total  Trials  in  Training 
Are  Given  for  Initial  Tr.^ining,  Prelinuxary   Retention  Tests,  and 

POSTOPERATIVT,  RETENTION  TeSTS.    SUBCORTICAL  LeSIONS  ArE  LiSTED  UNDER 

THE  Folloutxg  Abbrevtations:  N,  No  Injury;  H,  Hippocampus;  C,  Col- 
liculus  Superior;  S,  Septum;  CS,  Corpus  Striatum;  F,  FoR^^x;  r.  Right, 
1,  Left;  i,  2,  3,  Estimated  GR/Vde  of  Injury  from  Slight  to  Severe 


No. 


82. . . 
83... 
84... 

8s... 
86... 
87.., 


go. 
91. 

Q2. 

93- 
94- 
95- 
96. 
97- 
98. 
99- 

100 . 

loi . 

102 . 

103. 

104. 

105. 

106. 

107. 

108. 

109. 

no. 


Per- 
cent- 
age 

OF 

De- 
struc- 
tion 


4  9 
6.1 
7.6 
7.8 
8.3 
8.7 
9  7 
10. 1 
10. s 

10  9 

11  .0 
II. 6 

12  .0 
12.4 
12.8 
12.8 
13.2 
13-5 
13-7 
13-9 
14  .0 
14.5 

14  S 
14.9 

15  8 
16.7 
16.7 
17.1 
18.0 
18. 1 
18.3 
18.8 
20.6 
21 .1 
21 .1 
21.5 


Training 


Time 


23  I 

23  9 
24.2 

24  9 
25.4 
26.2 
26.9 
28.3 


2  ,007 

958 
2,515 
1 ,221 

366 
1,415 

837 

587 
2,559 
1 ,  205 
1,5" 
1. 971 

853 
3.489 
1,223 
1. 614 
4,525 
6,658 
2,927 
2  ,067 
2,071 
1, 80S 
1,839 

808 
2,SS8 

740 
4,743 

345 

973 
1,303 
7,273 
2,712 
1,507 
1,957 

930 
1,013 
2,353 
1 ,109 
3,335 
2,002 
1,388 

997 
2,187 

971 
1 ,020 
I  ,QOO 
I  ,642 
I ,700, 

563 
2,088 


Error; 


38 
43 
23 
39 
90 
40 
93 
39 
30 

100 
37 
40 
40 

231 
53 
91 
29 
70 
80 
33 
25 
13 
6S 
33 
29 
47 
89 
58 
42 
68 
44 
SI 
57 
27 
49 
73 
26 
39 
34 
48 
40 
13 
37 
66 
40 
29 


Trial 


72 
16 
57 
28 
2? 
48 
16 
21 
32 
86 
30 
62 
7 
39 


Preliminary 
Retention 


60 
70 
3  58 
247 
124 
174 


106 
66 


23 
158 


96 
280 
26S 
12 
67 
40 


Postoperative 
Retention 


Time 


40 

15 

499 

180 

124 

4,974 

366 

19 

1,319 

104 

I07 

557 

22 

17 

381 

1^837 

73 

248 

1 ,004 

45 

3.182 

79 

710 

3.2S8 

9.695 

II, 516 

313 

S,6o7 

63 

5,225 

310 

762 
7,5.^9 


190 
4,195 
3,222 
6,247 
11,5.^6 
5.064 

587 
1,282 


23 
700 

35 

2 

133 

16 

56 


14 
306 

14 

12 

266 

2 

341 

6 

60 
574 
641 
689 

13 

900 

S 

7/0 

34 

38 
76S 


12 
533 
502 
387 
1 ,191 
742 
104 
106 


Trial 


5 
5 

77 

16 
I 

35 
S 
4 

29 

3 

I 

6 

107 


28 

106 

150 

ISO 

3 

lOI 

I 

150 

IS 

3 

75 


ISO 
150 

55 
iiS 
ISO 

35 


Subcorti- 
cal 
Lesions 


N 
N 
N 
N 

N 

N 

N 

N 

N 
rlHi 

N 

N 
rH2 

N 
ICSi 

N 

N 

N 

N 

N 

N 

N 
rlH2 

N 

N 
S2 
rlCSi 

N 

N 

N 
rlHi 

N 
F2 

N 

N 

IH2 

S3 

rlH  2 

N 

N 

N 

N 

N 
rlCS3 

N 
rlHi 

N 
rICSi 

IHi 

N 
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TABLE  XiW— Continued 


Per- 

CENT- 
.AGE 

Tr.aining 

Preliminary 
Retention 

postoper.^tive 
Retention 

Subcorti- 

No. 

OF 

De- 
struc- 
tion 

Time 

Errors 

Trial 

Time 

Errors 

Trial 

Time 

Error> 

Trial 

cal 
Lesion 

Ill 

112 

113 

114 

IIS 

116 

117 

118 

28 
28 
30 
31 
32 

40 
so 

3 
6 
2 

I 
I 
9 
0 
9 

451 
3.136 
1,6.^8 

752 
3.804 
2. IIS 

946 
1,587 

37 
177 
30 
23 
44 
100 
S9 
30 

II 
49 
41 
3 
32 
26 
26 
i6 

0 

114 

13 

300 

0 

68 

68 

0 

0 
5 
I 
9 
0 
9 
3 
0 

0 
I 
3 
S 
0 
6 
5 
° 

2,230 

2,899 

2,364 

12 

II ,008 
2,836 

11,111 
5.917 

127 

304 

333 

1 

464 

547 

1.689 

1 ,122 

48 

74 

lis 

1 

50 

150 

150 

150 

rlH2:rSi 
N 

rlHi 

rlHi 
F3;  rlH  7 

rlH3 

rlH3 
S  i;lCS  I 
rlH2;lCi 

Aver- 
age.. 

1,911 

54   S 

24.8 

64.8 

^.8 

^•S 

2,221 

247-4 

lO.O 

These  figures  give  a  rough  measure  of  the  loss  or  retention  of 
the  habit  for  application  to  the  postoperative  tests.  Their  use  is 
preferable  to  the  comparison  of  each  individual's  preoperative 
and  postoperative  records,  for  the  individual  differences  in  the 
preoperative  records  are  almost  certainly  only  a  matter  of  chance. 
If  in  the  postoperative  tests  an  animal  requires  as  much  prac- 
tice as  the  average  for  initial  learning,  this  is  good  evidence  of  a 
real  loss  of  the  habit  resulting  from  the  operation.  If  he  requires 
no  more  practice  than  the  average  for  preliminary  retention 
tests,  there  is  no  evidence  of  any  deterioration.  Cases  falling  be- 
tween these  limits  are  of  more  doubtful  significance.  They  may 
represent  loss  ascribable  to  the  operation  or  only  chance  varia- 
tions. They  are  omitted  from  consideration  wherever  a  decision 
as  to  the  loss  or  retention  of  the  habit  is  required,  and  included 
where  the  relative  amounts  of  practice  required  for  relearning 
are  considered. 

The  series  of  59  cases  lends  itself  fairly  well  to  a  study  of 
the  influence  upon  the  habit  of  lesions  within  each  of  the  chief 
cyto-architectural  fields  because  of  the  great  variety  of  lesions 
and  the  number  restricted  to  single  fields.  Practically  every  part 
of  the  neopallium  was  destroyed  in  one  or  another  animal  of  the 
series,  as  is  shown  in  Figure  21. 

Turning  first  to  a  consideration  of  the  general  distribution  of 
lesions  with  reference  to  cyto-architectural  fields,  we  may  eval- 
uate their  eft'ects  in  terms  of  complete  loss  of  the  habit  (25  or 


94 


INTELLIGENCE  AND  THE  BRAIN 


more  errors  in  retention  tests)  or  of  perfect  retention  (not  more 
than  5  errors)  as  deduced  from  initial  learning  and  preliminary 
retention  tests.  Selecting  all  cases  from  Table  XIV  (p.  92), 
which  made  not  more  than  5  errors  in  postoperative  tests  and 
combining  the  lesions,  we  obtain  Figure  22.  Every  part  of  the 
cortex  except  areas  k  and  n,  the  inferior  margin  of  area  p,  and  the 
posterior  end  of  area  /'  was  destroyed  in  one  or  another  of  these 
cases.  These  regions  escaped  destruction  in  many  cases  which 


Fig.  22. — Combined  extent  of  lesions  in  animals  making  not  more  than  5  errors 
in  postoperative  retention  tests. 

lost  the  habit,  so  that  no  especial  significance  can  be  ascribed 
to  them. 

If  we  select  all  cases  which  made  more  than  25  errors  in  re- 
tention tests,  we  find  that  there  is  no  area  of  destruction  common 
to  all.  For  example,  cases  loo,  107,  and  iii  all  show  very  seri- 
ous loss,  making  from  5  to  47  times  as  many  errors  in  postopera- 
tive retention  tests  as  the  normal  average  for  learning.  Their 
lesions  are  compared  in  Figure  23,  which  shows  no  significant 
overlapping  between  them. 

It  is  possible,  however,  that  non-overlapping  lesions  may  in- 
vade the  same  functional  field,  and  it  is  therefore  desirable  to 
analyze  the  data  more  closely  with  reference  to  the  distinct  his- 
tological areas. 

The  diagrams  of  Plates  V-X,  Figures  60-118,  were  classi- 
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fied  according  to  the  regions  included  in  the  lesions.  Twenty- 
three  cases  were  found  in  which  the  lesions  were  restricted  al- 
most wholly  to  one  of  the  anatomical  areas  to  which  diverse 
functions  have  been  ascribed  because  of  their  structure  or  con- 
nections. These  cases  are  listed  in  Table  XV,  arranged  in  the 
order  of  magnitude  of  the  lesions  within  each  anatomical  field. 
The  combined  lesions  for  cases  in  each  group  are  shown  in  Fig- 
ures 24,  25,  26,  and  27.  Many  of  the  lesions  extended  into  fields 


Fig.  23. — Lesions  in  animals  Nos.  100  (////),  107  (\\\\),  and  iii  (|  1 1  |), 
which  made  respectively  768,  1,191,  and  127  errors  in  postoperative  retention 
tests.  There  is  no  significant  area  common  to  the  lesions  of  the  three. 


adjacent  to  the  principal  one  involved,  but  in  none  did  the  over- 
lapping include  as  much  as  lo  per  cent  of  the  adjacent  fields, 
which  the  table  shows  to  be  below  the  limit  of  effective  destruc- 
tion in  any  field.  The  percentage  destruction,  based  on  the  total 
area  of  the  cortex,  is  given  for  each  case;  and  the  percentage  of 
the  principal  anatomical  field  embraced  by  each  lesion  has  also 
been  computed  from  measurements  of  the  lesions  projected  on 
Fortuyn's  diagram  of  the  fields  (Fig.  7). 

In  evaluating  these  data,  it  must  first  be  noted  from  Table 
XIV  that  no  case  with  less  than  10  per  cent  of  the  entire  cortex 
destroyed  shows  any  significant  loss  of  the  habit,  whatever  the 
locus  of  the  lesion,  and  that  serious  disturbance  of  the  habit  is 
rare  in  any  case  with  less  than  15  per  cent  destruction.   This 


96 


INTELLIGENCE  AND  THE  BRAIN 


makes  it  impossible  to  interpret  the  data  on  the  motor  (/,  /',  c) 
and  auditory  (p)  fields,  since  the  lesions  to  these  were  all  less 
than  15  per  cent.  It  may  be  that  these  fields  are  not  at  all  in- 
volved in  the  habit  function,  or,  if  the  function  is  dependent  only 


TABLE  XV 

Summary  of  Cases  with  Lesions  Restricted  Almost  Entirely  to  Single 
Anatonhcal  Fields.  The  Percentage  Destruction  of  the  Entire  Neo- 
pallium AND  OF  the  Cytoarchitectural  Field  Is  Given.  Where  There 
Was  Any  Overlapping,  This  Is  Indicated  by  the  Letters  in  the  Fifth 
Column.  The  Last  Columns  Give  the  Records  for  Postoperative 
Retention  Tests 


No. 

Percent- 
age OF 
Cortex 

Percent- 
age OF 
Field 

Overlaps 
Fields 

Postoperative  Retention 

Fields 

Time 

Errors 

Trials 

fJ\c 

7 

/     75 
I     87 

61 
66 
69 
68 
>     78 
86 
96 
95 
III 

[     65 

<      67 

82 

I     85 

[  64 
63 
71 
91 
93 
94 

I  107 

II. 6 
14.9 

4.6 
7.6 
8.7 
8.3 
12.8 

14  5 
20.6 
18.8 
28.3 

6.1 
7.8 

13  7 

14  5 

4-9 
4.8 
10. 1 
17. 1 
18. 1 
18.3 
254 

65 
83 

12 

22 
26 
30 

7,2 
43 
49 
50 
87 

16 
28 
43 
52 

21 

25 
57 
68 
78 

89 
100 

........ 

P 

■■■■y 
f 

p,  W 

P 
P 

r 
""p"' 

P 

j,  ",  P 

19 
45 

49 
0 

15 

40 

107 

1 ,004 

631 

5,607 

2,230 

19 

17 

381 

24S 

25 

0 

108 

3,288 

II  ,516 

313 

11,536 

2 
2 

3 
0 
2 
2 

3 

266 

5 
900 
127 

3 
I 

14 
12 

2 
0 
8 

574 
689 

13 
1,191 

I 
I 

I 
0 
I 
2 

4 

p 

45 
I 

lOI 

48 

I 

X 

6 
10 

X 

0 

5 
X06 
150 

3 
xx8 

w,  m',  aa 

quantitatively  upon  the  cortex,  that  the  absence  of  effect  is  mere- 
ly the  result  of  the  small  size  of  the  lesions.  The  slight  indica- 
tion of  an  effect  of  the  larger  lesions  in  field  p  suggests  that  the 
magnitude  of  the  lesion  may  be  the  important  factor  here.  Addi- 
tional evidence  on  this  point  will  be  presented  later. 

For  the  somesthetic  (;)  and  visual  {w,  m' ,  aa)  fields  there  is 
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clear  evidence  for  a  loss  of  the  habit  associated  with  the  larger 
lesions.  The  effect  is  not  invariable,  but  for  each  of  the  areas  it 
occurs  in  3  out  of  4  cases  with  lesions  greater  than  15  per  cent. 


Fig.  24. — Combined  extent  of  lesions  involving  chief!}'  the  motor  area,  as  select- 
ed for  tests  of  localization. 


Fig.  25. — Combined  extent  of  lesions  involving  chiefly  the  somesthetic  areas, 
with  slight  involvement  of  motor  and  auditory. 

There  is  practically  no  overlapping  of  these  fields  in  the  lesions 
included  in  the  table;  No.  96,  which  shows  no  loss,  and  107  being 
the  only  cases  which  involve  parts  of  both  areas.  This  means, 
then,  that  loss  of  the  maze  habit  may  result  from  extensive  in- 
juries either  in  the  visual  or  in  the  kinaesthetic  field. 
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The  obvious  interpretation  is  that  the  habit  is  mediated  by  a 
combination  of  visual  and  kinaesthetic  cues  and  that  disturbance 
in  either  sensory  area  suffices  to  eliminate  the  habit.  The  cases 


Fig.  26. — Combined  extent  of  lesions  to  the  auditory  area 


Fig. 


-Combined  extent  of  lesions  invohing  chielly  the  visual  area 


of  survival  of  the  habit  after  lesions  restricted  to  one  of  the 
fields,  for  example  Nos.  96  and  94,  would  then  be  looked  upon  as 
having  learned  the  maze  chiefly  in  terms  of  the  unaffected  sense. 
There  are,  however,  several  facts  which  are  opposed  to  any 
such  interpretations  and  which  point  rather  to  an  independence 
of  any  particular  sensory  mechanism  for  the  execution  of  the 
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habit.  For  an  adequate  interpretation  of  the  data  we  must  an- 
ticipate the  results  of  some  experiments  which  will  be  reported 
in  detail  later.  It  will  be  shown  that  retention  of  the  maze  is  un- 
affected by  enucleation  of  the  eyes  or  by  the  section  of  the  kin- 
aesthetic  paths  of  the  cord,  that  animals  blinded  before  training 
in  the  maze  lose  the  habit  as  a  result  of  destruction  of  the  visual 
cortex  without  involvement  of  other  fields,  that  after  section  of 
the  kinaesthetic  paths  of  the  cord  animals  are  able  to  run  the 
maze  in  darkness  without  the  necessity  for  relearning,  and  that 
there  are  no  significant  differences  in  the  behavior  of  animals  in 
the  maze  which  correspond  to  the  destruction  of  any  of  the  ana- 
tomically specialized  areas. 

These  facts  are  inconsistent  with  the  view  that  loss  of  the 
maze  habit  is  the  result  of  a  cortical  anesthesia  or  a  cortical 
blindness  or  that  the  function  of  the  cyto-architectural  fields  in 
the  maze  habit  is  primarily  a  sensory  one. 

A  further  test  of  the  significance  of  the  frontal  field  is  possi- 
ble by  using  cases  which  are  not  wholly  restricted  to  single  fields. 
The  data  contain  8  cases  which  are  exclusively  frontal  or  pre- 
dominantly so  with  some  overlapping  of  field  ;.  There  are  also  8 
cases  of  lesions  chiefly  to  field  ;  with  some  overlapping  on  field 
/,  /',  n.  The  averages  in  postoperative  retention  tests  for  these 
two  groups  are  the  following: 


Percentage  of 
Desiruciion 

Time 
(in  Seconds) 

Errors 

Trials 

fj',n(j) 

16.9 
14  5 

1,704 
704 

202 
103 

.?3 
26 

;■(/,/',") 

In  these  groups  with  approximately  equal  lesions  the  ani- 
mals in  which  the  motor  areas  were  chiefly  involved  showed  an 
average  greater  loss  of  the  habit  than  those  with  lesions  chiefly 
in  the  somesthetic  areas.  That  the  loss  in  the  frontal  cases  was 
not  due  to  the  overlapping  of  field  ;  is  shown  by  the  fact  that  the 
animals  with  the  slightest  loss  of  the  habit  showed  the  greatest 
invasion  of  the  kinaesthetic  field.  This  can  only  mean  that  the 
total  destruction  of  the  motor  cortex  is  insufficient  to  produce 
the  minimal  loss  which  the  maze  technique  will  reveal,  but  that 
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when  the  destruction  is  augmented  by  injury  to  other  regions  the 
total  destruction  becomes  as  effective  in  abohshing  the  habit  as 
is  a  lesion  of  equal  extent  in  other  regions.  There  are  not  enough 
cases  for  a  similar  test  with  area  p.  This  evidence,  with  that 
from  the  sensory  control  of  the  habit,  is  opposed  to  the  localiza- 
tion of  the  maze  habit  in  any  single  part  or  parts  of  the  cortex. 
It  supports,  rather,  the  view  that  any  lesion  which  exceeds  15 
per  cent  of  the  total  cortex,  irrespective  of  its  locus,  may  produce 
a  loss  of  the  habit.  This  is  in  accord  with  the  findings  for  re- 
tardation in  initial  learning.  In  both  cases  the  evidence  was  in- 
adequate with  respect  to  area  p  but  seems  strongly  to  support 
this  interpretation  of  the  function  of  the  other  areas. 

This  question  of  localization  versus  diffuse  function  of  the 
cerebrum  in  the  maze  habit  is  a  very  important  one  for  the  inter- 
pretation of  our  data  and  in  general  for  the  theory  of  cerebral 
function  in  intelligence.  We  must  leave  its  further  discussion  to 
the  final  summing-up  of  the  problem  when  all  lines  of  evidence 
have  been  presented. 

THE  INFLUENCE  OF  THE  SIZE  OF  THE  LESION  UPON 
POSTOPERATIVE  RETENTION 

Inspection  of  Table  XIV  (p.  192)  shows  that  loss  of  the 
habit  was  far  more  frequent  in  cases  with  extensive  lesions  than 
in  those  with  a  smaller  area  involved.  Figure  28  shows  the  dis- 
tribution of  errors  according  to  extent  of  lesion  for  the  animals 
included  in  Table  IX  (p.  67)  and  the  5  blind  cases  of  Table 
XVIII  (p.  Ill)  which  completed  retaining  tests.  Correlations 
based  on  this  group  between  the  percentage  destruction  of  the 
cortex  and  the  three  criteria  for  relearning  were  the  following: 

With  total  .time,  />  =  o.62z!ro.o6 
With  total  errors,  />=o. 59=^0.06 
With  total  trials,    ^  =  o.6ozto.o6 

For  the  average  rank  of  animals  by  all  the  three  criteria  the  cor- 
relation was  /?=o.69±o.o6. 

These  correlations  are  not  as  high  as  those  found  in  the  re- 
learning  of  the  habit  of  brightness  discrimination  after  loss  from 
cerebral  lesions,  but  they  are  high  enough  to  show  that  there  is 
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some  relationship  between  the  amount  of  injury  and  the  degree 
of  retention. 

In  evaluating  this  result,  we  must  consider  the  same  possible 
sources  of  spurious  correlation  which  required  control  in  the 
study  of  initial  learning  after  brain  injury. 
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Fig.  28. — Distribution  of  lesions  and  errors  in  postoperati\e  tests  with  Maze 
III.  The  ordinates  represent  percentages  of  the  neopallium  destroyed;  theabscissae, 
the  errors  made  in  postoperative  tests. 

I.  Operative  shock  and  diaschisis.  The  possibility  of  effects 
from  general  surgical  shock  are,  I  believe,  completely  ruled  out 
by  the  lo-day  period  allowed  for  recovery  and  by  observations 
on  the  behavior  of  the  animals  after  operation.  In  the  study  of 
retention  of  visual  habits  after  occipital  lesion  (Lashley,  1926), 
increasing  the  period  allowed  for  recovery  from  7  to  14  days 
does  not  result  in  any  improvement.  In  the  retention  of  animals 
with  extensive  injuries,  it  was  found  that  animals  operated  and 
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given  initial  training  after  an  interval  of  7  days  all  show  clear 
evidence  of  relearning  within  the  next  7  days;  that  is,  the  ani- 
mals were  perfectly  capable  of  learning  at  a  normal  rate  within 
7  days  after  operation,  although  in  others  trained  before  opera- 
tion there  was  no  evidence  of  retention  at  this  time  or  even  14 
days  after  operation. 

In  the  present  experiment  I  have  used  only  the  lo-day  in- 
terval, so  that  a  similar  comparison  is  not  possible;  but  the  cor- 
relations between  extent  of  injury  and  amnesia  are  about  the 
same  for-  both  the  maze  and  the  habit  of  brightness  discrimina- 
tion, and  if  shock  did  not  enter  into  the  latter  there  is  little 
reason  to  suppose  it  more  effective  in  the  former. 

Additional  evidence  against  the  importance  of  general  shock 
is  provided  by  the  selective  effects  of  extensive  lesions  upon 
learning  ability  for  various  habits.  Many  animals  failed  to  re- 
learn  the  maze  within  150  trials  (see  below),  making  numerous 
errors  40  days  after  operation.  These  same  animals  were  then 
trained  in  brightness  discrimination  and  learned  that  habit  in 
normal  time,  in  some  cases  completing  training  within  5-7  days. 
We  can  scarcely  assume  that  general  shock  was  effective  in  re- 
tarding the  relearning  of  the  maze  and  immediately  ineffective 
when  the  animals  were  trained  in  brightness  discrimination. 

Such  evidence  then  seems  to  preclude  the  ascription  of  the 
correlations  to  any  form  of  general  or  surgical  shock.  The  ques- 
tion of  a  specific  depression  or  diaschisis  effect  remains  unset- 
tled. As  Monakow  ( 1914)  develops  his  conception  of  diaschisis, 
the  theory  is  almost  incapable  of  a  crucial  experimental  test.  He 
assumes  that  the  symptoms  of  cerebral  lesions  are  due  to  two 
chief  causes:  first,  the  destruction  of  nervous  elements  produces 
a  loss  of  the  specific  functions  in  which  those  elements  are  con- 
cerned; second,  it  induces  in  other  cells  with  which  the  destroyed 
elements  were  in  functional  relationship  a  temporary  depression 
which  interferes  not  only  with  the  functions  in  which  the  de- 
stroyed elements  were  directly  concerned  but  also  with  all  others 
in  which  the  depressed  cells  alone  may  have  played  a  part.  Thus 
he  considers  the  immediate  symptoms  of  injury  to  be  a  com- 
posite of  the  direct  effects  of  destruction  and  of  the  indirect  ef- 
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fects  working  through  specific  depressions  or  diaschisis.  The  de- 
pressions ultimately  recover  spontaneously,  and  only  residual 
symptoms  are  admitted  as  evidence  of  the  actual  function  of  the 
parts  destroyed. 

In  this  form  the  theory  of  diaschisis  amounts  almost  to  an 
experimental  indeterminism,  since  depression  of  lower  vital  cen- 
ters which  cannot  be  attacked  by  surgical  methods  may  always 
be  postulated  in  explanation  of  any  recoverable  loss.  Aside  from 
this  logical  objection,  there  are  some  experimentally  determined 
facts  which  oppose  the  theory  in  this  extreme  form  and  seem  to 
justify  the  conception  of  vicarious  function,  which  Monakow  is 
inclined  to  deny.  In  the  study  of  vicarious  function  after  de- 
struction of  the  visual  areas  (Lashley,  1922),  it  was  found  that 
when  the  visual  habit  had  been  acquired  after  lesions  within  the 
visual  areas,  the  destruction  of  no  other  portion  of  the  cerebral 
cortex  was  capable  of  abolishing  the  habit.  If  the  recoverable 
loss  had  been  due  to  a  diaschisic  effect  upon  some  other  cortical 
center,  the  latter  should  have  been  destroyed  in  the  second  series 
of  operations,  with  consequent  loss  of  the  habit.  The  experi- 
ments thus  rule  out  the  depression  of  one  cortical  center  by  de- 
struction of  another  in  situations  of  this  type.  Concerning  the 
depression  of  lower  centers,  there  is  no  direct  evidence;  but  the 
method  of  recovery  from  amnesias  following  cerebral  insult,  as 
in  the  present  experiments,  is  so  clearly  related  to  the  learning 
process  as  to  leave  no  doubt  that  it  involves  a  reacquisition  of 
the  habits  rather  than  a  spontaneous  recovery  from  diaschisis. 

Nevertheless,  the  problem  is  complicated  by  some  phenom- 
ena which  are  as  yet  unexplained.  It  is  generally  recognized  that 
a  slow  destruction  of  the  cerebral  cortex  may  be  accompanied  by 
almost  no  symptoms,  whereas  sudden  destruction  of  the  same 
areas  produces  marked  disturbance  of  behavior.  It  was  to  ac- 
count for  facts  of  this  sort  that  the  theory  of  diaschisis  was  first 
developed.  In  the  present  experiments  two  cases  illustrate  the 
slight  effect  of  slow  destructions. 

Number  134  developed  an  infection  of  the  cerebral  tissue 
which  continued  undiscovered  during  retraining.  His  relearning 
was  rapid,  requiring  1,319  seconds  and  35  trials  with  133  errors. 
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At  autopsy  the  entire  dorsal  convexities  of  the  hemispheres  were 
found  to  be  replaced  by  a  large  cyst.  The  extent  of  the  lesion  is 
shown  in  Plate  XI,  Figure  134.  It  embraces  39.1  per  cent  of  the 
entire  neopallium.  The  habit  was  unquestionably  lost  in  this  an- 
imal, but  in  spite  of  the  very  extensive  lesion  and  the  active  in- 
fective process  relearning  was  very  much  more  rapid  than  in 
other  cases  with  an  equal  amount  of  operative  destruction. 

Number  135  was  subjected  to  two  successive  operations  with 
tests  for  retention  after  each.  The  first  lesion  was  confined  to  the 
left  hemisphere;  the  second,  to  the  right.  The  extent  of  the  two 
lesions  is  shown  in  Plate  XI,  Figure  135.  A  total  of  54.4  per  cent 
of  the  neopallium  was  destroyed  in  the  two  operations.  The  re- 
training records  were  the  following: 


Time 

Errors 

Trials 

After  first  operation 

567 
1,030 

4Q 
69 

g 

After  second  operation 

28 

The  second  operation  followed  the  first  at  an  interval  of  15  days. 
The  total  destruction  was  greater  than  that  in  any  other  animal 
studied  with  the  exception  of  No.  59.  The  retardation  was,  nev- 
ertheless, much  slighter  than  in  any  case  with  extensive  lesions 
produced  in  a  single  operation. 

The  results  with  these  two  cases  cannot  be  strongly  empha- 
sized, since  they  may  represent  nothing  more  than  chance  devia- 
tions ;  but  they  are  in  accord  with  many  observations  made  since 
Goltz's  studies  of  total  decerebration,  which  indicate  that  slow 
progressive  destruction  of  the  cerebral  cortex  produces  much 
less  severe  disturbances  of  behavior  than  an  equivalent  sudden 
destruction. 

The  meaning  of  such  a  phenomenon  is  by  no  means  clear  at 
present.  To  say  that  the  loss  is  the  result  of  shock  and  that  the 
more  rapid  recovery  and  lesser  symptoms  are  due  to  the  lesser 
shock  in  the  case  of  gradual  destruction  is  to  ignore  the  evident 
function  of  the  learning  mechanism  in  the  process  of  recovery. 
On  the  other  hand,  the  assumption  that  learning  is  alone  respon- 
sible for  the  recoveries  of  function  leaves  us  with  the  paradoxical 


LOCALIZATION  OF  THE  MAZE  HABIT        105 

view  that  learning  can  progress  more  rapidly  during  active  de- 
struction of  tissue  than  after  the  healing. 

Whatever  the  final  solution  of  the  problem,  these  phenomena 
are  clearly  not  identical  with  those  of  diaschisis.  All  of  the  avail- 
able evidence  points  to  the  fact  that  amnesias  with  which  we  are 
dealing  here  do  not  recpver  spontaneously.  The  lesser  effects  of 
progressive  or  successive  slight  injuries  appear  when  the  animals 
are  subjected  to  training  during  the  period  of  destruction;  that 
is,  when  there  is  a  counterinfluence  to  the  disturbing  effects  of 
the  lesions.  The  comparison  of  the  7-  and  14-day  intervals  for 
recovery  in  the  experiments  on  brightness  discrimination  (Lash- 
ley,  1926)  shows  clearly  that  the  recovery  from  the  amnesia  oc- 
curs only  through  a  process  of  relearning. 

2.  The  possibility  of  a  greater  or  lesser  invasion  of  a  single 
significant  cortical  field  by  lesions  of  different  extent  is  ruled  out 
by  the  fact  that  loss  occurred  after  lesions  restricted  exclusively 
to  one  or  another  of  the  cyto-architectural  areas.  It  is  also  ex- 
cluded by  the  correlations  between  retraining  records  and  ex- 
tent of  lesion  given  below  for  the  single  fields. 

3.  The  character  of  the  subcortical  lesions  is  given  for  each 
case  in  Table  XIV  (page  92).  All  cases  with  thalamic  lesions 
were  excluded  from  consideration.  Slight  injuries  to  the  cor- 
pora striata  occurred  in  5  cases,  of  which  2  showed  little  and  3 
serious  loss  of  the  habit.  They  are  too  infrequent  to  account  for 
the  results  with  the  group  as  a  whole.  The  only  internal  struc- 
ture injured  uniformly  in  cases  with  extensive  surface  destruc- 
tion is  the  hippocampus,  and  there  are  sufficient  cases  of  loss  of 
the  habit  without  injury  to  this  structure  to  nullify  its  special 
importance. 

4.  The  possibihty  that  the  effects  of  magnitude  of  injury  are 
not  continuous  but  result  only  after  the  destruction  of  a  critical 
amount  of  tissue  is  tested  by  the  analysis  of  the  data  given  in 
Table  XVL  The  cases  are  divided  into  groups  by  successive  in- 
crements of  5  per  cent  destruction,  and  the  averages  for  time, 
errors,  and  trials  are  computed  for  each  of  these  groups.  The 
number  of  cases  in  each  group  is  small,  but  the  cases  show  a  def- 
inite trend  toward  continuous  increase  in  practice  with  extent 


io6 


INTELLIGENCE  AND  THE  BRAIN 


of  lesion,  which  is  incompatible  with  the  supposition  of  a  criti- 
cal-point  in  the  amount  of  destruction. 

These  considerations  seem  to  rule  out  the  factors  which 
might  give  rise  to  a  spurious  correlation,  and  show  that  there  is 
a  significant  relationship  between  the  amount  of  destruction  and 
the  severity  of  the  amnesia  which  is  directly  referable  to  the  ab- 
sence of  the  parts  of  the  cortex  destroyed  and  which  leads  to  the 

TABLE  XVI 

The  Amount  of  Practice  Required  for  Relearn- 
ING  Maze  III  by  Animals  Subjected  to  Brain 
Injuries  after  Initial  Training.  The  Average 
Records  for  All  Cases  Falling  within  the 
Limits  of  Injury  Shown  in  the  First  Column 
are  Gix'en 


Percentage  of 
Destrucaon 


S-io 
10-15 
15-20 
20-25 
25-30 
30,.. 


Time 

Errors 

14 

98 

669 

I 

8 

94 

3,532 

329 

2,776 

305 

3,395 
5,613 

355 
769 

Trials 


0.4 

2.8 

20.8 

67.1 

61  .4 

79  I 
108. 5 


corollary  that  the  amount  of  retention  is  proportional  to  the 
amount  of  cerebral  tissue  remaining  intact. 

Is  this  relationship  constant  for  all  parts  of  the  cortex  or 
characteristic  only  of  some  parts?  To  test  this,  the  cases  were 
grouped,  according  to  the  principal  involvement  of  cortical  are- 
as, into  frontal  (motor),  lateral  ( somesthetic,  overlapping  the 
auditory  area),  occipital  (visual),  and  parietal  (transitional 
area  overlapping  all  the  chief  histogocial  areas)  types.  Correla- 
tions between  the  retraining  records  and  the  amount  of  destruc- 
tion were  computed  for  the  cases  within  each  of  these  groups. 
They  are  given  in  Table  XVII.  The  correlations  are  all  positive, 
ranging  from  0.29  for  trials  among  the  occipital  cases  to  0.88 
for  trials  in  the  parietal  series.  In  all  but  the  occipital  group  the 
constants  are  significantly  greater  than  their  probable  errors.  In 
this  group  there  was  relatively  little  range  in  the  magnitude  of 
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lesions,  and  in  general  the  magnitude  of  the  correlations  follows 
the  range  in  extent  of  lesions  in  the  various  groups.  There  mny 
be  a  closer  correspondence  between  size  of  lesion  and  amnesia 
for  one  area  than  for  another;  the  figures  show  only  that  there 
is  a  significant  relationship  within  each  of  the  areas;  and  the 
most  probable  interpretation  is  that  this  is  about  the  same  for 
all  parts  of  the  cortex. 

Maze-learning  is  subject  to  many  chance  influences;  the 
rank-difference  method  is  not  reliable  for  the  determination  of 


TABLE  XVII 

Correlations  between  Percentage  of  Cerebral  Cortex  Destroyed 
AND  Amount  Of  Practice  Required  for  Relearning  Maze  III 
BY  Animals  with  Lesions  Predominantly  within  the  Cortical 
Fields  Listed 


Time 


Errors 


Trials 


Average  Rank 


All  cases 

Frontal  area . . 
Lateral  area. . 
Occipital  area 
Parietal  area . 


0.62  +  0.06 
0.60  +  0. 14 
0.50  +  0. 14 

0.40  +  0.  IQ 
0.81  +0.06 


0.59  +  0.06 

o.5i±o.i5 
o.52±o.i4 
0.38  +  0. 19 
0.82  +  0.06 


0.60  +  0.06 
o.5o±o.i5 
0.54  +  0.13 
o  .  29  +  0  .  20 
o.8S±o.o4 


0.69  ±0.06 
o.s8±o.i4 
o.50±o.i4 
0.44  +  0.19 
o.85±o.o5 


the  exact  degree  of  correspondence  between  two  sets  of  varia- 
bles; and  the  total  number  of  cases  dealt  with  in  this  study  is 
small.  To  give  the  results  a  wholly  reliable  statistical  basis 
would  require  the  use  of  at  least  500  animals.  Yet  even  with  the 
limited  data  at  hand  the  trend  seems  clear  enough  and  the  re- 
sults are  consistent  with  those  obtained  in  the  experiment  on 
maze-learning  and  retentiveness  after  cerebral  injury. 

It  is  certain  that  the  maze  habit,  when  formed,  is  not  local- 
ized in  any  single  area  of  the  cerebrum  and  that  its  performance 
is  somehow  conditioned  by  the  quantity  of  tissue  which  is  intact. 
It  is  less  certain,  though  probable,  that  all  parts  of  the  cortex 
participate  equally  in  the  performance  of  the  habit  and  that  le- 
sions of  equal  size  produce  equal  loss  of  the  habit,  irrespective 
of  their  locus. 

We  must  now  turn  to  the  cjuestion  of  the  qualitative  effects 
of  the  lesions.  Is  the  function  of  all  parts  of  the  cortex  the  same 
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in  kind  or  does  each  contribute  special  functions,  such  as  visual 
or  kinaesthetic  memories,  which  are  summated  in  the  normal 
functioning  of  the  habit?  This  question  is  germane  to  all  of  the 
work  which  has  thus  far  been  reported.  None  of  the  major  ques- 
tions raised  in  the  course  of  the  work  can  be  answered  finally 
without  discussion  of  it,  and  this  discussion  has  therefore  been 
postponed  until  the  questions  and  evidence  could  be  considered 
together.  This  will  be  the  task  in  the  following  section. 


CHAPTER  VII 

THE  RELATION  OF  REDUCED  LEARNING  ABILITY 
TO  SENSORY  AND  MOTOR  DEFECTS 

The  relation  of  specific  disabilities  in  learning  to  sensory  de- 
fects was  especially  considered  in  planning  the  present  experi- 
ments. It  seemed  most  probable,  in  view  of  current  theories  of 
maze  learning,  that  loss  of  the  maze  habit  would  follow  destruc- 
tion of  the  somesthetic  area  of  the  cortex  and  that,  if  it  resulted 
also  from  lesions  to  other  areas,  the  loss  would  correlate  with  de- 
fects of  other  sensory  mechanisms  involved  in  the  maze  habit. 
Similarly  for  the  work  on  initial  learning  subsequent  to  cerebral 
injury,  it  seemed  most  probable  that  the  degree  of  retardation 
would  depend  in  large  measure  upon  the  degree  to  which  various 
senses  were  employed  in  learning  and  the  encroachment  of  the 
lesions  upon  the  various  sensory  fields.  Detailed  notes  were 
therefore  kept  on  the  behavior  of  the  animals  during  training  in 
the  various  problems,  with  the  object  of  determining  the  degree 
to  which  the  different  receptors  entered  into  the  learning  or  re- 
learning  of  the  habits;  and  various  special  tests  were  also  car- 
ried out  to  control  more  accurately  one  or  another  sense  mode. 
We  may  first  consider  the  experimental  evidence  bearing  upon 
the  sensory  and  motor  requirements  of  the  maze  and  then  turn  to 
the  general  behavior  of  the  operated  animals  for  clues  as  to  the 
relative  importance  of  sensory  and  higher-level  processes  in  the 
production  of  the  retardation. 

In  his  analysis  of  the  sensory  components  of  the  maze  habit, 
Watson  (1907)  showed  that  any  of  the  exteroceptors  might  be 
destroyed  without  seriously  disturbing  the  ability  of  the  animals 
in  the  maze.  Thus  he  completely  eliminated  smell  and  sight,  to 
a  large  extent  touch  (in  the  vibrissae,  soles  of  the  feet,  and  the 
tip  of  the  nose)  and  hearing,  both  singly  and  in  combination,  and 
was  able  to  obtain  maze  learning  or  the  performance  of  the  pre- 
viously learned  habit  in  all  cases.  He  did  not  use  enough  ani- 
mals to  establish  statistically  the  functional  equality  of  the  nor- 
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mal  animals  and  of  those  with  sense  privation,  but  certainly  no 
very  significant  differences  were  apparent  in  his  cases.  The  re- 
sults led  Watson  to  the  belief  that  the  maze  habit  consists  of  a 
chain  of  kinaesthetic-motor  reflexes. 

The  analysis  of  the  maze  habit  in  relation  to  the  cyto-archi- 
tectural  areas  of  the  cortex  failed  to  reveal  a  constant  depend- 
ence of  the  habit  upon  any  single  field,  as  might  be  expected  if 
the  habit  were  dependent  upon  any  single  sensory  function. 
These  results  might  be  accounted  for  in  either  of  two  ways.  ( i ) 
The  sensory  components  of  the  habit  might  have  an  alternative 
function,  so  that  the  destruction  of  the  one  sensory  area  would 
be  followed  by  the  performance  of  the  habit  through  the  use  of 
other,  undisturbed  sensory  clues.  In  such  a  case  the  retardation 
of  initial  learning  might  be  due  to  sense  privation,  and  the  loss 
of  the  habit  after  lesions  to  the  necessity  of  relearning  the  maze 
in  terms  of  other  senses  than  those  primarily  used  in  initial  learn- 
ing. Cases  of  survival  of  the  habit  after  complete  destruction  of 
a  sensory  field  would  be  interpreted  as  individual  instances 
where  that  sense  had  played  little  part  in  learning.  (2)  The  al- 
ternative interpretation  would  consider  that  slowing  of  maze 
learning  or  loss  of  the  habit  after  brain  injury  is  due  primarily 
to  defect  of  the  associative  mechanisms.  The  sensory  interpre- 
tation of  the  results  seems  the  more  probable  at  first  glance  but 
is  difficult  to  harmonize  with  Watson's  findings.  If,  for  example, 
learning  ability  for  the  maze  is  not  reduced  by  total  blindness, 
we  should  not  expect  it  to  be  disturbed  by  injuries  within  the 
cortical  visual  area,  unless  this  has  some  other  than  simple  visual 
function.  However,  Watson's  work  was  done  with  a  maze  differ- 
ent from  that  used  in  the  present  experiments;  and  in  view  of 
the  importance  of  the  problem  in  the  interpretation  of  cerebral 
functions,  it  was  necessary  to  obtain  more  direct  evidence  upon 
the  relation  of  the  cerebral  fields  to  sensory  function  under  the 
conditions  of  our  experiments.  I  have  therefore  carried  out  a 
series  of  tests  and  observations  upon  sensory  functions. 

THE  EFFECTS  OF  SENSE-PRIVATION  UPON  MAZE  LEARNING 

Vision. — Six  animals  were  trained  in  the  maze  and,  after 
preliminary  retention  tests,  were  blinded  by  enucleation  of  the 
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eyes.  Two  days  after  this  their  retention  of  the  maze  habit  was 
tested.  Data  on  them  are  summarized  in  Table  XVIII.  They 
required  an  average  of  2,3-3  trials  for  initial  learning.  The  aver- 
age number  of  trials  required  for  learning  in  the  preliminary  re- 
tention tests  was  4.6;  the  average  for  tests  after  blinding  was 

TABLE  XVIII 

Su^riURY  OF  Experiments  with  Blind  Animals.  Group  A  Blinded  after 
Training  with  Subsequent  Retention  Tests.  Group  B  Blinded  before 
Training  with  Subsequent  Occipital  Lesions  and  Tests  for  Retention 
after  Cerebral  Operation.  Abbreviations:  S,  Total  Time  in  Seconds; 
E,  Total  Errors;  T,  Total  Trials  Required  To  Reach  the  Criterion 
of  Learning 


Per- 

CENT- 

Initial 

Preliminary 

Postoperative 

Group 

Se«ial 
No. 

Cere- 

BR.\L 

Learning 

Retention 

Retention 

De- 
struc- 

tion 

S 

E 

T 

S 

E 

T 

S 

E 

T 

JII9 

None 

1,689 

67 

37 

48 

I 

6 

227 

17 

10 

120 

None 

800 

20 

23 

120 

7 

5 

140 

7 

3 

A 

Ji2r 

None 

2,165 

67 

40 

29 

I 

2 

295 

10 

3 

122 

None 

2,587 

35 

47 

12 

I 

I 

17 

I 

I 

123 

None 

2,846 

30 

33 

340 

7 

20 

47 

I 

I 

[124 

None 

560 

12 

20 

156 

5 

4 

0 

0 

0 

[125 

15-2 

1,542 

32 

14 

172 

4 

8 

559 

29 

3 

126 

19  .6 

1,421 

53 

28 

143 

11 

3 

333 

37 

13 

B 

127 

24.8 

8,191 

56 

44 

32 

2 

I 

5,544 

613 

102 

128 

25  3 

2,585 

no 

18 

422 

15 

II 

1 ,201 

135 

49 

129 

29.2 

894 

22 

24 

140 

7 

3 

3,371 

198 

13* 

I130 

35-4 

1,324 

135 

43 

22 

I 

I 

2,793 

792 

150 

♦Training  discontinued.  E\idence  of  amnesia  from  time  and  error  records. 

3.0  The  data  on  time  and  errors  give  equal  proof  that  the  per- 
formance of  the  habit  was  not  significantly  affected  by  loss  of 
vision.  If  total  loss  of  vision  does  not  interfere  with  the  habit, 
it  can  scarcely  be  maintained  that  a  partial  loss  through  scotoma 
can  have  per  se  any  greater  effect. 

Six  animals  were  blinded  by  enucleation  of  the  eyes  before 
training  in  the  maze.  They  were  then  trained,  given  preliminary 
retention  tests,  and  subjected  to  cerebral  destruction  of  the  oc- 
cipital area.  Their  training  records  are  given  in  Table  XVUI. 
Diagrams  of  the  lesions  are  shown  in  Plate  XI,  Figures  125-130, 
inclusive.  The  experiment  had  to  be  discontinued  before  retrain- 
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ing  of  No.  64  was  completed;  but  from  the  correlations  between 
early  trials  and  total  retraining  records,  given  in  the  discussion 
of  the  reliability  of  the  criterion,  we  are  justified  in  concluding 
that  this  animal  had  completely  lost  the  habit.  Except  for  the 
two  cases  with  the  smallest  extent  of  destruction,  these  animals 
lost  the  habit  after  lesion  to  the  occipital  region  just  as  did  ani- 
mals with  normal  vision,  and  the  degree  of  loss  was  roughly  pro- 
portional to  the  extent  of  the  injury.  Thus  it  appears  that  lesions 
which  in  otherwise  normal  animals  would  seem  to  cause  loss  of 
the  habit  through  the  production  of  cortical  blindness  actually 
produce  the  same  effects  in  animals  which  were  totally  blind 
during  the  formation  of  the  habit.  Hence  it  is  impossible  to 
ascribe  the  loss  of  the  habit  in  animals  with  normal  vision  and 
occipital  lesions  to  any  simple  disturbance  of  the  visual  function. 
In  what  way  the  occipital  lesions  interfere  with  the  maze  habit 
cannot  now  be  determined,  but  it  is  certainly  not  through  the 
production  of  a  cortical  blindness.^ 

Tactile  sensitivity.- — No  direct  tests  were  made  of  this  since 
it  seemed  sufficiently  well  controlled  by  the  form  of  the  maze. 
Maze  III  offers  tactile  clues  to  the  position  of  the  successive 
doors  leading  from  alley  to  alley,  but  as  the  animal  passes 
through  each  of  these  doorways  he  is  confronted  by  the  alterna- 
tive of  a  right  or  left  turn  with  no  tactile  cues  which  can  serve 
for  orientation.  Some  other  sense  than  touch  must  therefore  en- 
ter in  to  give  direction  at  these  critical  points  in  the  maze. 

01  j action. — The  wide  distribution  and  inaccessibility  of  the 
cerebral  olfactory  structures  prevented  tests  with  them  similar 
to  the  tests  on  vision.  We  must  therefore  depend  upon  the  gen- 
eral behavior  of  animals  with  and  without  injuries  to  olfactory 
structures.  In  the  postoperative  retention  tests,  two  animals  had 
destruction  of  the  connections  of  the  olfactory  bulbs  (Nos.  80 
and  89)  without  serious  disturbance  of  the  habit.  Nineteen  cases 

'  Munk  reports  that  dogs,  blind  from  occipital  lesions,  have  difficulty  in  find- 
ing their  way  about,  whereas  those  blinded  by  section  of  the  optic  nerves  readily 
adapt  to  the  altered  conditions.  The  observations  of  Goldstein  and  Gelb  (1918) 
on  disturbance  of  spacial  perception  in  a  man  with  occipital  lesions  also  suggest 
difficulties  of  orientation,  although  the  authors  applied  no  tests  comparable  to 
the  maze. 
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revealed  lesions  to  cerebral  olfactory  structures,  chiefly  the  hip- 
pocampal  lobes.  Of  these,  5  retained  the  habit  perfectly  and  14 
showed  greater  or  less  loss.  There  were  9  cases  with  serious  loss 
of  the  habit  with  no  injuries  to  olfactory  structures.  Careful 
comparison  of  the  cases  with  and  without  deterioration  and  with 
and  without  lesions  to  olfactory  structures  revealed  no  differ- 
ences in  behavior  which  could  be  related  to  the  sensory  function. 
The  animal  which  follows  an  olfactory  trail  exhibits  character- 
istic behavior  (Vincent,  191 5),  and  this  was  not  seen  in  any 
case  included  in  the  present  study.  The  recent  study  of  Lig- 
gett (1928)  indicates  that  olfaction  plays  less  part  in  the  be- 
havior of  the  rat  than  we  have  supposed.  Although  not  conclu- 
sive, the  weight  of  evidence  seems  opposed  to  the  view  that  ani- 
mals with  lesions  to  the  visual  or  somesthetic  cortex  may  fall 
back  upon  olfactory  cues  for  orientation. 

Proprioceptive  mechanisms.- — Vestibular  functions  in  the 
maze  are  difficult  to  test  because  of  the  great  motor  disturbances 
which  follow  lesions  in  the  inner  ear,  but  some  control  is  pro- 
vided by  the  chance  occurrence  of  three  cases  of  vestibular  in- 
fection among  the  animals  in  the  experiments  on  postoperative 
retention  of  Maze  III.  (This  diagnosis  was  not  confirmed  at 
autopsy,  but  the  symptoms  were  definitely  those  of  the  common 
vestibular  infection,  of  which  there  was  an  epidemic  in  my  col- 
ony at  this  time.)  The  symptoms  developed  before  the  prelimi- 
nary retention  tests,  and  the  records  in  these  are  inferior  to  the 
corresponding  ones  of  normal  animals.  The  cerebral  lesions  of 
these  three  cases  are  shown  in  Plate  XI,  Figures  131-33.  Their 
training  and  retention  records  were  the  following: 


Training 

Preliminary 
Retention 

Per- 
cent- 
age OF 

De- 
struc- 
tion 

Postoperative 
Retention 

No. 

Time 
(in  Sec- 
onds) 

Errors 

Trials 

Time 
(in  Sec- 
onds) 

Errors 

Trials 

Time 
(in  Sec- 
onds) 

Errors 

Trials 

131 

132 

133 

2,330 
4,115 
2,526 

199 

97 

103 

67 

43 

70 

139 
81 

274 

22 
12 
21 

IS 
II 

IS 

9.1 

9.2 

20.4 

732 
1,659 
4,967 

91 
212 
768 

75 
95 

The  practice  required  for  relearning  is  in  each  case  dispropor- 
tionately great  for  the  extent  and  locus  of  the  lesion,  and  there 
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is  other  evidence-  that  this  type  of  vestibular  disease  produces  a 
retardation  in  learning  of  the  maze.  The  records  on  general  be- 
havior in  the  postoperative  tests  are  of  the  same  type  for  all 
three  cases.  The  animals  showed  from  the  first  a  general  orienta- 
tion with  respect  to  the  direction  of  the  food  compartment;  that 
is,  they  made  no  errors  of  back-tracking  and  pushed  at  the  cover 
of  the  maze  in  the  direction  of  the  food  compartment.  They  ran 
rapidly  but  tended  to  rotate  and  lose  the  right-left  orientation  in 
passing  from  one  alley  to  the  next.  This  behavior  is  character- 
istic and  easily  recognized.  As  stated  above,  it  appeared  in  a  few 
animals  with  cerebral  lesions  only,  but  in  these  no  uniformity  of 
lesion  could  be  established.  If  this  type  of  behavior  is  due  to  the 
destruction  of  a  vestibular  projection  area,  that  area  has  no  con- 
stant cerebral  location. 

Further  evidence  against  the  importance  of  vestibular  func- 
tion is  derived  from  the  perfect  retention  of  the  maze  habit  by 
animals  with  cerebellar  lesions,  in  spite  of  the  marked  postural 
disturbances,  rotations  suggesting  vertigo,  and  other  symptoms 
which  are  sufficient  to  indicate  that  the  proprioceptive  mech- 
anisms play  no  great  part  in  the  performance  of  the  maze  habit 
(Lashley  and  McCarthy,  1926). 

The  role  of  sensitivity  to  posture  and  movement  in  the  re- 
tention of  Maze  III  was  tested  by  section  of  the  afferent  tracts 
of  the  cervical  cord.  These  experiments  have  been  reported  in 
detail  elsewhere  (Lashley  and  Ball,  1929).  It  was  shown  that 
the  ability  to  perform  the  maze  habit  was  unaffected  by  complete 
transsection  of  the  fasciculus  gracilis  and  fasciculus  cuneatus  at 
the  third  cervical  level,  although  marked  disturbances  of  kin- 
aesthetic  sensitivity  resulted.  Section  of  all  ascending  tracts  in 
the  lateral  columns  of  the  cord  likewise  produced  no  disturbance 
in  maze-running.  After  such  lesions  the  animals  ran  the  maze 
accurately  in  darkness  when  all  other  directive  sensory  cues 
seemed  ruled  out.  These  experiments  show  that  a  very  severe 
disturbance  in  the  kinaesthetic  and  organic  sensitivity  involves 

"  Unpub'ished  studies  of  maze  learning  in  animals  with  residual  symptoms 
after  vestibular  infection. 
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no  loss  of  the  maze  habit  and  that  in  the  absence  of  these  senses 
the  animals,  oriented  from  the  starting-box,  do  not  fall  back  upon 
directive  cues  from  other  sense  organs. 

All  of  this  evidence  opposes  the  view  that  reduced  learning 
ability  for  the  maze  or  the  loss  of  the  maze  habit  after  operation 
is  the  result  of  sensory  defect  as  such.  The  habits  are  not  lost 
after  destruction  of  the  peripheral  sensory  mechanisms,  and  this 
lack  of  effect  of  sense  privation  is  not  due  to  shift  to  the  use  of 
other  sensory  directive  cues.  The  habit  is  lost  after  destruction 
of  the  visual  cortex  in  animals  which  were  blind  during  learning, 
which  indicates  that  the  loss  is  due  to  some  other  than  the  sen- 
sory function  of  this  area.  A  habit  involving  a  specific  receptor 
is  formed  at  normal  rate  after  the  destruction  of  the  cortical  field 
for  that  receptor.  We  must  conclude,  then,  that  the  probability 
of  our  findings  in  maze  learning  and  retention  being  the  product 
of  cerebral  sensory  defects  is  very  slight. 

Motor  dejects. — Loss  of  the  maze  habit  and  retardation  in 
learning  might  be  due  to  some  motor  disturbance,  of  the  nature 
either  of  an  apraxia  or  of  an  actual  paralytic  disturbance  of  co- 
ordination such  as  to  interfere  with  execution  of  the  necessary 
movements.  The  latter  possibilities  are  controlled  by  the  follow- 
ing experiments. 

In  the  experiments  with  spinal  lesions  discussed  above,  the 
descending  tracts  of  the  cord  were  involved  as  well  as  the  ascend- 
ing. In  one  set  of  animals,  the  pyramidal  tracts  were  completely 
cut;  in  another,  the  rubrospinal;  and,  in  the  series  of  cases,  all 
possible  descending  tracts  were  interrupted.  All  these  animals 
ran  the  maze  in  retention  tests  without  errors.  They  showed 
marked  inco-ordinations,  greater  difficulty  in  negotiating  the 
turns  of  the  maze  than  did  any  of  the  cases  with  cerebral  lesions, 
but  absolutely  no  disturbance  of  orientation  in  the  maze.  This 
shows  the  ability  of  the  rat  to  perform  the  maze  habit  after  de- 
struction of  any  of  the  organized  descending  tracts  of  the  cord. 

In  the  experiments  of  Lashley  and  McCarthy  (1926)  cere- 
bellar lesions  were  attended  by  marked  disturbances  of  co-ordi- 
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nation,  but  there  was  no  disturbance  of  orientation  in  the  maze 
attending  the  difficulties  of  locomotion. 

In  experiments  on  brightness  discrimination,  I  have  shown 
the  survival  of  the  habit  after  complete  destruction  of  the  motor 
cortex  and  serious  injury  to  the  corpora  striata  in  the  rat;  and  in 
other  experiments  (1914),  the  survival  of  manipulative  habits 
in  monkeys  following  extirpation  of  both  precentral  gyri.  In 
several  animals  of  the  present  series  the  motor  cortex  was  almost 
completely  destroyed  without  loss  of  the  habit. 

From  these  observations  it  seems  clear  that  the  retardation 
of  learning  and  the  loss  of  the  habit  from  cerebral  lesions  cannot 
be  ascribed  to  defects  of  the  motor  mechanisms  as  such  but  in- 
volve disorganization  at  a  higher  level  of  integration. 

TYPES  OF  DETERIORATION  IN  RELATION  TO  CEREBRAL  LESIONS 

In  addition  to  the  experimental  controls  of  sensory  factors 
in  the  maze,  I  have  kept  detailed  notes  on  the  behavior  of  the 
animals  in  learning  and  in  postoperative  retention  tests,  expect- 
ing that  these  would  reveal  sensory  or  motor  defects  varying 
with  the  locus  of  injury.  A  review  of  these  notes  reveals  a  great 
deal  of  individual  variation  but  no  clear  indication  of  specific 
sensory  defects  or  of  the  loss  of  specific  elements  in  the  habit. 
An  occasional  animal  appeared  to  have  difficulty  with  the  right- 
left  alternatives  in  the  maze,  although  definitely  oriented  with 
respect  to  the  general  direction  of  the  food  compartment.  A  few 
seemed  less  disturbed  by  the  right-left  alternatives  than  by  the 
problem  of  general  orientation,  but  such  interpretations  are  un- 
certain, the  number  of  cases  showing  the  peculiarities  is  relative- 
ly small,  and  the  behavior  is  unrelated  to  the  locus  of  injury. 

With  respect  to  the  more  general  and  objective  characteris- 
tics of  behavior  in  the  maze,  it  was  possible  to  distinguish  four 
types,  with  some  overlapping.  These  four  types  were  clearest  in 
the  postoperative  retention  tests  and  will  be  described  for  them. 

a)  The  animal  behaves  very  much  as  does  a  normal  one  in 
initial  learning.  He  moves  rather  slowly,  explores  all  parts  of 
the  maze  thoroughly  with  few  repetitions  of  errors,  and  gains  a 
general  orientation  (i.e.,  with  respect  to  the  direction  of  the  food 
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compartment)  quickly,  so  that  he  back-tracks  only  infrequently 
after  the  first  two  or  three  trials.  Animals  which  gave  evidence 
of  some  loss  of  the  habit  and  which  were  clearly  in  this  group  are 
Nos.  74,  76,  83,  90,  98,  109,  III.  and  115. 

b)  The  animal  seems  to  wander  aimlessly  in  the  maze.  His 
movements  are  slow,  or  not  faster  than  normal.  He  does  not  en- 
ter any  cul-de-sac  repeatedly  but  moves  back  and  forth  through 
rather  large  sections  of  the  maze.  He  acquires  general  orienta- 
tion slowly,  tending  to  back-track  after  many  trials.  Animals  in 
this  group  are  Nos.  88,  106,  no,  116. 

c)  The  animal  tends  to  repeat  the  same  error  time  and 
again.  He  usually  runs  more  rapidly  than  the  normal  and  usual- 
ly dashes  back  and  forth  in  one  alley  many  times  before  passing 
through  the  doorway  to  the  next.  This  is  not'due  to  sensory  de- 
fect and  failure  to  be  stimulated  by  the  doorwa}',  for  many  of 
the  animals  pause  and  thrust  their  heads  through  the  openings 
each  time  they  pass,  yet  continue  the  perseveration  in  one  alley; 
others  continually  retrace  a  complicated  path  through  several 
alleys.  Animals  falling  in  this  group  are  Nos.  73,  86,  92,  93,  95. 
97,  99,  108,  112,  113.  and  117. 

d)  The  animal  is  disoriented  and  behaves  much  as  those  in 
group  b,  but  runs  at  high  speed.  He  does  not  repeat  the  same  er- 
ror as  do  those  in  group  c.  Outstanding  cases  in  this  group  were 
Nos.  104,  105,  and  107. 

Comparison  of  the  data  on  the  cases  enumerated  above 
shows  little  if  any  relation  between  the  locus  of  injury  and  the 
type  of  postoperative  behavior.  Marked  perseveration  appeared 
in  frontal,  temporal,  parietal,  and  occipital  cases,  whereas  ani- 
mals with  very  similar  lesions  differed  markedly  in  behavior. 
For  example,  the  lesions  in  cases  no,  112,  and  115  are  almost 
identical,  yet  they  come  under  groups  b,  c,  and  a,  respectively. 
The  behavior  corresponds  somewhat  closely  to  the  amount  of 
practice  necessary  for  relearning.  The  average  trials  in  postop- 
erative tests  for  the  foregoing  groups  were:  fl,  41;  6,92;  c,  115; 
and  d,  134.  Group  a,  with  normal  approach  to  relearning,  showed 
on  the  average  the  smallest  cerebral  destruction. 
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It  is  clear  that  a  tendency  to  perseveration  or  to  very  rapid 
random  running  is  indicative  of  more  severe  deterioration,  as 
measured  in  trials  required  for  relearning,  than  are  the  types  of 
behavior  described  under  a  and  b;  but  this  deterioration  is  inde- 
pendent of  the  locus  of  the  lesion.  In  so  far  as  observations  on 
postoperative  behavior  could  determine,  there  are  no  divergent 
types  corresponding  to  different  loci  of  injury.  Practically  du- 
plicate behavior  appeared  in  animals  with  frontal,  temporal, 
parietal,  and  occipital  lesions.  In  no  case  was  the  postoperative 
loss  referable  to  interference  with  a  particular  receptor  system. 
The  impression  given  by  almost  all  the  seriously  deteriorated 
animals  was  one  of  a  more  or  less  general  disorganization  involv- 
ing both  specific  reactions  to  all  parts  of  the  maze  and  the  more 
general  orientation  toward  the  food  compartment. 

The  behavior  of  the  animals  given  initial  training  after  op- 
eration was  in  general  very  similar  to  that  of  the  others  in  the 
postoperative  retention  tests.  Animals  with  the  most  extensive 
lesions  usually  showed  the  behavior  of  type  c,  with  rapid  run- 
ning and  many  repetitions  of  the  same  error  in  each  trial.  As  in 
the  postoperative  retention  tests,  there  were  no  peculiarities  of 
behavior  in  any  way  suggestive  of  specific  sensory  defects  and 
no  special  types  of  behavior  which  could  be  correlated  with  le- 
sions in  any  of  the  cortical  fields. 

The  results  in  the  tests  on  retention  of  habits  formed  after 
operation  are  also  impossible  to  reconcile  with  an  assumption 
that  the  difficulties  are  of  a  sensory  character.  Animals  which 
had  formed  the  maze  habit  completely  showed  greater  loss  after 
40  days  than  did  normals  under  the  same  conditions.  This  loss 
cannot  be  ascribed  to  a  sensory  deficiency,  for  animals  which 
learned  the  brightness  habit  after  destruction  of  the  visual  cor- 
tex retained  the  habit  after  40  days  as  well  as  the  normals  did. 
If  a  cortical  sensory  defect  interfered  with  retention  in  the  maze, 
it  should  certainly  have  done  likewise  in  the  brightness  habit. 

We  thus  have  evidence  that  the  maze  habit  is  not  interfered 
with  by  any  purely  sensory  or  motor  defect,  that  the  formation 
of  a  sensory  habit  is  not  retarded  by  absence  of  the  correspond- 
ing cortical  sensory  area,  and  that  the  deterioration  following 


SENSORY  AXD  MOTOR  DEFECTS  119 

lesions  in  different  cortical  sensory  fields  is  qualitatively  the 
same  for  all  fields.  All  of  this  points  to  the  conclusion  that  de- 
fects of  the  maze  habit  are  due  to  some  general  deterioration, 
which  affects  the  associative  mechanism  as  a  whole  rather  than 
distinct,  qualitatively  different,  elements  of  the  habit.  At  least 
it  seems  certain  that  if  the  deterioration  is  specific,  it  is  not  so 
for  any  function  which  can  be  stated  in  terms  of  simple  sensori- 
motor adjustment. 


CHAPTER  VIII 
DISCUSSION  OF  EXPERIMENTAL  RESULTS 

At  various  points  in  the  presentation  of  the  data  it  has  been 
necessary  to  postpone  a  final  discussion  and  interpretation  until 
all  of  the  lines  of  evidence  were  at  hand.  The  report  of  experi- 
ments on  sensory  functions  completes  the  available  material  and 
opens  the  way  for  an  attempt  to  analyze  the  nature  of  the  defects 
consequent  on  brain  injuries.  The  data  are  rather  intricate  and 
are  closely  related  to  results  reported  in  earlier  papers,  so  that  a 
general  statement  of  the  findings,  even  at  the  expense  of  some 
repetition,  will  not  be  out  of  place  as  an  introduction  to  a  final 
discussion  of  the  problems.  The  results  for  the  various  separate 
experiments  will  first  be  summarized,  then  taken  up  in  their 
more  general  relations. 

SUMMARY  OF  DATA 

Maze  I  (one  cul-de-sac) . — Data  for  a  similar  maze  are  avail- 
able from  papers  by  Franz  and  Lashley  (191 7)  and  by  Lashley 
and  Franz  (191 7)  and  from  some  later  unpublished  experi- 
ments. Results  with  this  and  Maze  I  are  sufficiently  similar  to 
justify  treating  the  two  as  a  single  problem.  The  formation  of  the 
habit  is  slightly  retarded  by  extensive  lesions  in  any  part  of  the 
cortex  and  to  some  degree  in  proportion  to  the  magnitude  of  the 
lesions  (average  correlation  for  time,  errors,  and  trials  is  0.20). 
The  habit  is  not  abolished  by  any  cerebral  injury  up  to  one-third 
of  the  entire  cortex.  I  suspect  that  there  is  some  interference 
when  the  lesions  are  more  extensive,  but  have  not  conclusive  evi- 
dence. Retention  of  the  habit  formed  after  operation  is  some- 
what reduced. 

Maze  II  (three  culs-de-sac). — The  initial  formation  of  the 
habit  is  somewhat  more  retarded  by  cerebral  lesion  than  is  that 
of  Maze  I.  The  degree  of  retardation  is  proportional  to  the  mag- 
nitude of  lesion  (average  correlation  is  0.58),  and  retardation 
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occurs  after  lesions  in  various  loci.  Data  on  localization  and  re- 
tention are  not  available. 

Maze  III  (eight  culs-de-sae)  .—Aiter  cerebral  lesions  the 
rate  of  formation  of  this  habit  is  much  retarded,  is  independent 
of  the  locus  of  injury,  and  is  closely  proportional  to  the  magni- 
tude (average  correlation  is  0.75).  Retention  of  the  habit  formed 
under  these  conditions  is  much  inferior  to  normal.  The  habit  is 
usually  abolished  by  any  lesion  involving  more  than  1 5  per  cent 
of  the  neopallium  irrespective  of  its  position.  The  degree  of  loss 
is  proportional  to  the  magnitude  of  the  injury  (average  correla- 
tion is  0.69)  and  probably  independent  of  locus. 

Maze  IV  (open  maze  with  eight  eids-dc-sae) . — The  forma- 
tion of  the  habit  is  retarded  by  any  cerebral  lesion,  in  proportion 
to  its  extent  (average  correlation  is  0.55).  Data  on  retention  are 
not  available. 

Brightness  diserimination. — Studies  of  this  habit  are  in- 
cluded in  several  earlier  papers  (Lashley,  1920,  1921a,  1922, 
1926).  The  formation  of  the  habit  is  not  retarded  by  any  corti- 
cal lesion  up  to  60  per  cent  of  the  entire  neopallium.  In  three 
separate  experiments  operated  animals  have  been  slightly  su- 
perior to  the  normal  controls.  There  is  no  significant  relation  be- 
tween the  extent  of  cortical  injury  and  the  amount  of  practice 
required  for  learning.  The  retention  of  the  habit  formed  after 
cerebral  injury  is  not  significantly  inferior  to  that  of  normal  ani- 
mals. When  the  habit  has  been  formed  by  a  normal  animal,  it 
is  abolished  by  destruction  of  the  occipital  portion  of  the  cortex 
(area  striata) ,  and  the  degree  of  loss  is  proportional  to  the  extent 
of  injury  (average  correlation  is  0.72).  The  habit  is  not  abol- 
ished by  extensive  injuries  to  any  other  part  of  the  cortex  or  to 
the  corpus  striatum  even  when  it  has  been  formed  in  the  absence 
of  the  visual  cortex.  The  formation  of  the  habit  is  probably  re- 
tarded by  lesions  within  the  visual  nuclei  of  the  thalamus. 

Double- plat  form  box. — (Illustrated  in  Fig.  i.)  Data  on  this, 
or  on  a  somewhat  similar  problem  box,  have  been  reported  by 
Lashley  and  Franz  (191 7),  Lashley  (1920),  and  Hunter  (1926). 
The  rate  of  formation  of  the  habit  is  not  influenced  by  any  corti- 
cal injury  up  to  50  per  cent  and  is  independent  of  the  magnitude 
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and  locus  of  the  lesion.  The  habit  is  abolished  by  lesions  within 
the  frontal  third  of  the  cortex  and  by  injuries  in  no  other  region. 
Not  enough  cases  are  available  for  a  study  of  the  influence  of 
extent  of  injury  upon  postoperative  retention. 

Tests  for  the  reversal  of  the  habit  of  Maze  I  and  learning  of 
the  incline  box  have  not  given  useful  data. 

Sensory  j actors.- — The  tests  upon  the  sensory  and  motor 
components  of  the  habit  of  Maze  III  seem  to  establish  the  fact 
that  the  retardation  in  learning  and  the  loss 'of  the  habit  from 
brain  lesion  are  not  the  result  of  any  simple  sensory  or  motor  de- 
fect but  can  be  explained  only  in  terms  of  some  higher-level  or- 
ganization. The  results  with  the  brightness  habit  likewise  show 
that  loss  of  this  habit  after  destruction  of  the  area  striata  is  not 
accompanied  by  any  indication  of  blindness  to  differences  of  lu- 
minosity, and  seems  referable  to  the  associational  rather  than  to 
purely  sensory  mechanisms. 

The  data  raise  more  questions  than  they  answer,  but  among 
their  inconsistencies  certain  facts  stand  out  as  rather  well  es- 
tablished. In  one  phase  or  another  the  results  with  every  habit 
indicate  the  importance  of  the  total  mass  of  tissue,  and  a  certain 
lack  of  specificity  in  cerebral  function. 

NON-SPECIFICITY  OF  CEREBRAL  STRUCTURES  FOR  LEARNING 

The  most  surprising  outcome  of  the  work  has  been  the  num- 
ber of  lines  of  evidence  pointing  to  the  equivalence  of  function 
of  all  parts  of  the  cerebral  cortex  for  learning.  When  the  first 
study  of  mass  relations  was  undertaken  (Lashley,  1920),  I  fully 
expected  to  obtain  varied  results  from  lesions  in  different  areas, 
exhibited  both  through  unlike  effects  upon  the  rate  of  learning 
and  through  qualitative  differences  in  the  solutions  adopted  by 
different  animals.  No  indication  of  this  has  been  obtained  in  any 
of  the  experiments.  Selective  effects  upon  habits  already  formed 
appear  after  diverse  cerebral  injuries,  but  in  all  tests  upon  learn- 
ing subsequent  to  brain  operations  the  effects  of  injuries  to  dif- 
ferent areas  seem  to  be  qualitatively  identical.  There  is  no  indi- 
cation of  a  slower  acquisition,  which  can  be  related  to  the  locus 
of  injury,  of  one  rather  than  of  another  element  of  the  problem. 
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Even  where  specific  functions  are  restricted  to  definite  areas,  as 
in  the  case  of  the  double-platform  and  brightness  habits,  the  sep- 
arate parts  of  the  functional  areas  do  not  seem  to  have  diverse 
subordinate  functions.  The  reduction  in  efficiency  pervades  ev- 
ery part  of  the  performance  equally  after  lesions  to  any  part  of 
the  functional  area.  It  is  the  same,  qualitatively  and  quantita- 
tively, after  equal  lesions  to  diverse  areas. 

These  facts  seem  to  mean  that  the  increase  in  efficiency  of 
learning  with  increasing  amounts  of  cortical  material  is  not  due 
to  the  aggregation  of  more  and  more  diverse  functions  (visual, 
auditory,  and  kinaesthetic  imagery  or  what  not)  contributed  sev- 
erally by  different  areas,  as  is  implied  in  flunk's  and  Thorn- 
dike's  theories  of  intelligence,  but  results  from  an  increase  in 
the  amount  or  intensity  of  some  qualitatively  unitary  thing 
which  contributes  to  the  efficiency  of  a  variety  of  functions. 

In  a  previous  study  I  found  that  the  function  of  the  occipital 
cortex  in  brightness  discrimination  was  unaffected  by  linear  le- 
sions which  cut  the  transcortical  fibers  within  the  visual  area, 
provided  these  lesions  did  not  involve  the  destruction  of  a  large 
area  of  the  cortex.  We  know  little  of  the  paths  of  association  or 
projection  fibers  in  the  rat's  cortex.  Marchi  preparations  after 
lesions  to  the  occipital  pole  indicate  that  the  majority  of  the 
occipito-thalamic  fibers  pass  cephalad  and  laterad  to  enter  the 
thalamus  at  about  level  16  of  our  diagram.  This  means  that 
many  of  the  linear  lesions  described  in  the  earlier  study  (Fig. 
29)  destroyed  the  majority  of  the  occipito-thalamic  fibers  with- 
out disturbing  the  habit,  although  the  habit  is  abolished  by  de- 
struction of  the  cortical  area  which  they  supply. 

The  present  study  provides  some  additional  evidence  upon 
this  point.  In  Xo.  i  (Plate  I,  Fig.  i)  the  lesion  divided  the  sub- 
cortical fibers  throughout  the  length  of  both  hemispheres;  yet 
this  animal  made  a  better  record  than  any  normal  one  which  I 
have  trained  on  Maze  III,  and  was  superior  to  the  average  of 
normals  in  practically  all  tests.  In  No.  2  (Plate  I,  Fig.  2)  the 
lesion  certainly  involved  a  majority  of  the  occipito-thalamic  fi- 
bers without  producing  a  significant  retardation  in  learning. 

Figure  30  shows  the  long  axes  of  lesions  which  produced  no 
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serious  retardation  in  animals  tested  for  postoperative  retention 
of  j\Iaze  III.  They  clearly  involve  the  long  association  tracts  in 


Fig.  29. — Composite  diagram  showing  b_v  lines  tlie  long  a.xes  of  lesions  which 
separated  parts  of  the  occipital  area  in  animals  which  made  not  more  than  5  errors 
in  tests  for  retention  of  brightness  discrimination. 


Fig.  30. — Composite  diagram  showing  the  long  axes  of  lesions  involving  e.\- 
tensive  destruction  of  association  tracts  with  little  disturbance  of  the  previously 

formed  maze  habit.    cases  making  less  than  5  errors; cases  making 

more  errors  but  not  seriously  retarded. 


every  part  of  the  cortex  and  indicate  that,  for  the  efficient  per- 
formance of  the  maze  habit,  it  is  not  necessary  that  any  two  cor- 
tical fields  shall  be  in  direct  connection  with  one  another. 
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I  do  not  regard  these  observations  upon  the  effects  of  hnear 
lesions  as  conclusive  against  the  specificity  of  function  of  asso- 
ciation tracts,  but  certainly  all  of  the  positive  evidence  thus  far 
obtained  gives  no  indication  of  functionally  restricted  conduc- 
tion within  the  cerebral  cortex.  It  is  perhaps  what  we  should  ex- 
pect to  find  where  the  functions  of  different  areas  are  not  spe- 
cific, and  in  this  respect  the  experiments  on  cortex  and  associa- 
tion fibers  seem  in  harmony. 

This  lack  of  specificity  does  not  mean,  however,  that  the 
functions  of  the  cortex  are  not  integrative,  are  not  highly  differ- 
entiated for  each  specific  activity,  but  does  imply  that  the  func- 
tional differentiation  must  be  largely  independent  of  both  the 
macroscopic  and  microscopic  structural  differentiation.  How 
functional  specificity  can  exist  without  structural  is  not  clear 
from  our  present  theories  of  nervous  function,  but  in  a  later  sec- 
tion I  shall  try  to  harmonize  these  apparently  contradictory  con- 
ceptions in  discussing  the  assumptions  concerning  cerebral 
function  which  the  facts  of  intelligent  behavior  seem  to  necessi- 
tate. 

THE  SYNAPSE  IN  RETENTION 

We  have  today  an  almost  universal  acceptance  of  the  theory 
that  learning  consists  of  modification  of  the  resistance  of  specific 
synapses  within  definite  conduction  units  of  the  nervous  system. 
Sherrington's  theory  of  relative  synaptic  resistance  (1906), 
Kappers'  theory  of  axone  growth  (191 7),  or  Thorndike's  theory 
of  the  formation  of  bonds  (1913)  may  be  taken  as  typical.  In 
the  theories  nothing  is  implied  as  to  the  locus  of  these  changes; 
for  a  given  habit  they  may  be  restricted  to  a  definite  cerebral 
area  or  may  be  scattered  uniformly  throughout  the  cortex  or  may 
exist  in  any  intermediate  condition.  In  conformity  with  the  doc- 
trine of  localization  it  is  usually  suggested  that  the  region  of  al- 
teration in  conductivity  is  fairly  restricted;  but  this  is  not  an 
essential  part  of  the  theory,  which,  in  fact,  is  too  vaguely  formu- 
lated to  be  capable  of  experimental  test.  Retention  is  thought  to 
arise  from  the  fact  that  the  altered  resistances,  once  esablished, 
are  relatively  permanent. 

From  such  assumptions  it  must  follow  that,  once  a  habit  is 
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formed,  its  retention  depends  upon  the  stability  of  the  individual 
synapses  and  that  this  stability  varies  either  with  the  nature  of 
the  intercellular  connections  themselves,  as  anatomical  or  chemi- 
cal structures,  or  with  the  action  of  some  disruptive  processes  of 
whose  nature  we  have  still  no  conception. 

In  the  experiments  upon  the  retention  of  habits  formed  after 
brain  injury  the  accuracy  of  performance  after  initial  learning 
was  for  many  of  the  operated  animals  as  great  as  that  of  the  nor- 
mal controls.  Their  time  for  traversing  the  maze  was  slightly 
greater,  but  this  was  obviously  a  function  of  the  general  rate  of 
running  and  not  of  time  consumed  by  integration  at  the  critical 
points  in  the  maze.  The  peculiarities  of  behavior  observable  dur- 
ing learning  almost  entirely  disappeared  with  the  perfecting  of 
the  habit,  and  in  final  performance  there  were  no  significant 
differences  between  the  operated  and  control  animals.  For  the 
learning  of  the  maze  we  have  no  evidence  that  one  part  of  the 
cortex  rather  than  another  is  primarily  concerned,  and  hence 
cannot  conclude,  as  we  do  for  the  habit  of  brightness  discrimina- 
tion, that  after  the  destruction  of  one  part  another  part  learns 
vicariously.  Thus  there  are  no  reasons  for  believing  that  the 
fundamental  mechanism  of  the  habit,  once  formed,  differs  in  the 
normal  and  operated  cases.  The  lowering  of  synaptic  resistances 
to  produce  equal  efficiencies  should  be  equal,  and  equal  changes 
should  be  equally  stable. 

But  the  habit  of  Maze  III  was  lost  more  rapidly  by  animals 
with  brain  lesions  than  by  normals,  and  to  an  extent  somewhat 
proportional  to  the  amount  of  cerebral  destruction.  This  can 
only  mean  that  the  retention  of  the  habit  is  conditioned  by  the 
total  amount  of  functional  tissue  in  the  cortex  and  not,  primarily, 
by  the  inherent  properties  of  the  synapses  themselves.  We  seem 
confronted  with  the  alternatives  of  devising  some  new  hypothesis 
concerning  the  nature  of  the  synaptic  mechanism  which  will  ad- 
mit that  its  stability  depends  upon  extrinsic  factors  or  of  facing 
the  improbability  of  our  whole  theory  of  the  mechanism  of  learn- 
ing. The  former  can  doubtless  be  done  by  making  enough  gra- 
tuitous assumptions  concerning  elementary  neurophysiology.  We 
might  cite  the  facts  of  retroactive  inhibition  as  evidence  for  ex- 
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trinsic  disruptive  forces  acting  on  the  synapse,  and  posit  inhibit- 
ors and  inhibitors  of  inhibitors,  as  Pavlov  (1927  )  has  done;  but 
the  truth  is  that  our  hypotheses  have  so  far  exceeded  our  facts 
as  to  be  beyond  any  experimental  test,  and  the  piling  on  of  a  few 
more  speculations  is  likely  to  make  the  whole  structure  collapse 
of  its  own  weight. 

The  synapse  is,  physiologically,  a  convention  to  describe  the 
polarity  of  conduction  in  the  nervous  system  of  higher  animals, 
together  with  some  similarities  of  function  in  the  central  nervous 
system  and  in  the  neuromuscular  junction.  That  these  functions 
are  due  to  the  action  of  the  intercellular  membranes  has  not  been 
directly  demonstrated.  Learning  or  processes  so  closely  allied  to 
learning  that  we  cannot  characterize  their  differences  (adapta- 
tion, change  in  the  sense  of  reaction,  modifiability  of  behavior), 
have  been  found  in  organisms  with  a  syncytial  type  of  nervous 
system,  so  that  it  is  not  clear  that  the  synapse  is  either  essential 
or  important  for  learning.  The  convention  has  been  useful  for 
dealing  with  some  of  the  simpler  physiological  reactions  but  is 
not  on  that  account  the  sine  qua  non  of  neurological  theory. 

THE  MASS  FACTOR  IN  CEREBRAL  FUNCTION 

Three  types  of  experiments  have  now  given  significant  cor- 
relations between  the  extent  of  cerebral  lesion  and  the  efficiency 
of  performance  of  a  habit  mechanism.  The  types  seem  sufficient- 
ly diverse  to  avoid  common  sources  of  error.  The  rate  of  learn- 
ing of  the  four  mazes  reported  in  this  study  is  clearly  a  function 
of  the  total  mass  of  tissue,  and  the  evidence  presented  indicates 
that  retentiveness  as  such  for  these  habits  is  conditioned  in  the 
same  way.  Postoperative  tests  with  Maze  III  show  a  similar  re- 
lationship to  the  mass  of  the  cortex  as  a  whole.  The  correspond- 
ence is  less  close  than  for  initial  learning  but  is  nevertheless 
significant.  In  the  habit  of  brightness  discrimination  the  mass 
effect  is  restricted  to  the  performance  of  the  habit  after  it  has 
been  acquired  and  to  the  occipital  third  of  the  cortex  instead  of 
to  the  entire  cerebrum,  as  in  the  maze  habits.  Figure  31  shows 
the  distribution  of  errors  on  percentage  destruction  for  retention 
of  the  brightness  habit.   It  is  exhibited  within  a  quantitative 
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range  of  destruction  which  produces  less  definite  effects  in  the 
maze  habit,  and  this  may  be  taken  as  an  indication  that  with 
the  restriction  of  the  mass  function  to  the  occipital  pole  there  is 
established  a  more  delicate  equilibrium  than  among  the  parts  of 
the  cortex  as  a  whole. 
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Fig.  31. — Distribution  of  lesions  and  errors  in  postoperative  retention  tests  for 
the  habit  of  brightness  discrimination.  The  ordinates  represent  the  percentage  of 
cortex  destroyed;  abscissae,  total  number  of  errors  preceding  30  consecutive  error- 
less trials. 

The  only  possible  source  of  spurious  correlation  for  the 
brightness  habit  seemed  to  be  the  production  of  scotoma.  The 
controls  of  sensory  function  in  the  maze  seem  to  rule  out  any  sim- 
ilar possibility  and  leave  the  correlation  as  representative  of  some 
actual  interference  with  the  associative  mechanisms  of  the  cortex. 
The  relationship  is  not  an  artifact  arising  from  some  peculiarity 
of  the  methods  of  training,  from  the  shock  of  operation,  from 
sense  privation,  or  from  the  production  of  different  amounts  of 
paralysis.   It  can  be  interpreted  only  as  a  real  relationship  be- 
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tween  the  amount  of  cerebral  tissue  and  the  efficiency  of  its 
action. 

In  previous  discussions  of  this  factor  of  mass  (1926)  I 
pointed  out  that  it  might  be  either  a  result  of  the  participation 
of  a  large  number  of  equivalent  conditioned  reflex  arcs  passing 
through  different  parts  of  the  cortex  or  an  indication  of  some 
less  specific  dynamic  function.  If  we  assume  that  with  improve- 
ment in  a  habit  more  and  more  similar  bonds  are  formed  among 
its  elements,  which  in  turn  are  responsible  for  increased  effi- 
ciency in  its  performance,  then  partial  destruction  of  these  bonds 
might  produce  a  loss  proportional  to  the  number  rendered  non- 
functional. 

Evidence  was  adduced  from  the  lack  of  effects  of  linear  le- 
sions that  the  reduplicated  bonds  could  not  be  transcortical,  and 
arguments  against  the  existence  of  equivalent  conduction  sys- 
tems in  different  parts  of  the  cortex  were  suggested  from  the 
complexity  of  the  habit  and  the  failure  of  lesions  ever  to  separate 
it  into  component  parts;  but  the  problem  could  not  then  be  con- 
clusively settled  on  the  existing  evidence. 

The  present  experiments  contribute  three  sets  of  data  which 
further  oppose  the  reduplication  hypothesis: 

I.  They  make  it  possible  to  extend  the  test  of  section  of 
association  fibers  to  those  connecting  the  cortex  with  lower  cen- 
ters and  give  additional  data  on  the  effects  of  the  interruption  of 
large  numbers  of  transcortical  fibers.  The  thalamico-occipital 
fibers  probably  pass  cephalad  from  the  thalamus  in  the  posterior 
part  of  the  internal  capsule,  turn  upward  and  outward  at  about 
level  15  of  our  diagrams,  and,  after  passing  around  the  anterior 
margin  of  the  hoppocampal  lobes,  turn  caudad,  in  the  thin  sheet 
of  white  matter  underlying  the  cortex,  to  reach  the  area  striata. 
Thus  any  lesion  which  penetrates  the  fiber  layer  (as  do  all  in 
the  present  studies)  at  level  17  or  farther  back,  must  interrupt 
the  projection  tracts  of  the  areas  directly  behind  the  lesion. 

In  the  postoperative  retention  tests  were  8  cases  with  rather 
narrow  transverse  lesions  within  this  general  area.  These  were 
Xos.  65,  67,  69,  70,  73,  74,  78,  and  82.  The  average  extent  of 
lesions  in  these  cases  was  lo.i  per  cent.  Their  average  errors  in 
retraining  were  14.0.  The  caudal  margins  of  the  lesions  in  these 
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cases  are  shown  in  Figure  32.  The  majority  of  them  must  have 
severed  at  least  half  of  the  projection  fibers  of  the  occipital  cor- 
tex, yet  the  average  loss  of  the  habit  which  they  produced  is  not 
greater  than  expected  from  the  actual  magnitude  of  the  lesion  to 
the  cortex  alone.  Numbers  loi,  105,  107,  no,  113,  and  116  had 
destruction  of  the  areas  caudad  to  the  regions  involved  in  the 
foregoing  cases.  Their  average  destruction  was  27.3  per  cent, 
and  the  average  of  their  errors  in  postoperative  retention  tests 


Fig.  32. — Diagram  of  lesions  which  interrupted  the  connections  between  the 
thalamus  and  the  occipital  cortex  without  serious  disturbance  of  behavior. 

was  456.  Thus  the  destruction  of  the  areas  supplied  by  the  pro- 
jection fibers  produces  much  more  serious  disturbance  than  an 
extensive  injury  to  the  fibers. 

In  training  after  operation  there  were  3  cases  with  linear 
injuries  interrupting  thalamico-occipital  bundles.  These  were 
Nos.  2,  7,  and  9.  Their  average  destruction  was  8.1  per  cent; 
and  average  errors  in  learning,  87.3.  This  is  considerably  under 
the  expectation  from  the  regression  coefficient  for  the  whole 
group  and  indicates  that  the  partial  interruption  of  the  projec- 
tion tracts  to  the  occipital  areas  did  not  produce  a  retardation. 

The  evidence  upon  this  point  is  not  yet  complete,  for  every 
cortical  lesion  interrupts  some  association  tracts  as  well  as  de- 
stroys a  definite  amount  of  cortex,  so  that  our  standard  of  com- 
parison for  lesions  of  any  size  may  be  partly  determined  by  the 
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interruption  of  fibers;  but  if  this  is  accepted  as  a  rejoinder  to 
the  preceding  argument,  it  leads  to  the  further  concUision  that 
for  learning  or  retention  of  the  maze  habit  all  projection  and  as- 
sociation paths  are  equipotential. 

2.  Contribution  to  the  efficiency  of  performance  of  a  habit 
by  the  summated  action  of  equivalent  bonds  is  understandable 
for  habits  which  have  already  been  formed.  It  is  less  obvious 
how  their  formation  could  be  retarded  by  a  reduction  in  the  num- 
ber of  possible  bonds  before  the  bonds  have  been  formed.  For 
this  to  occur  would  require  that  only  a  limited  number  of  bonds 
for  any  given  performance  can  be  formed  readily  in  any  part 
of  the  cortex — an  assumption  which  is  contradicted  by  the  re- 
sults with  the  visual  discrimination  habit  which  normally  in- 
volves only  the  occipital  cortex,  yet  is  formed  with  equal  facility 
in  the  absence  of  this  area. 

3.  Even  granting  that  such  a  limitation  exists,  it  is  still  more 
difficult  to  understand,  in  terms  of  reduplication  of  bonds,  how  a 
habit  which  has  been  learned  to  equal  efficiency  of  performance 
(i.e.,  to  the  establishment  of  equal  numbers  of  bonds)  by  two 
animals  with  unequal  amounts  of  cortex  should  be  more  effec- 
tively retained  by  one  than  by  the  other,  in  accord  with  the 
amount  of  functional  tissue. 

The  evidence  thus  seems  opposed  to  the  hypothesis  that  the 
correlations  found  are  due  to  the  reduplication  of  equivalent 
arcs,  and  we  are  forced  to  postulate  some  mechanism  distributed 
throughout  the  cerebral  cortex  and  capable  of  facilitating  a  va- 
riety of  activities  by  its  total  mass  rather  than  by  specific  inte- 
grations. 

The  results  are  in  accord  with  a  view  which  Bianchi  (1922) 
has  formulated  clearly  for  the  purpose  of  refutation: 

Suppose  for  a  moment  that  intelligence  emanates  from  the  cortical 
fields  (arcs)  [sic]  like  electricity  from  electric  batteries;  it  becomes  more 
intense  and  reaches  a  higher  potential  as  the  number  of  areas  increases,  just 
as  the  intensity  of  the  electric  current,  ceteris  paribus,  increases  with  an 
increased  number  of  batteries. 

Far  from  accepting  Bianchi's  criticisms  of  such  a  theory,  I  find 
it  the  only  expression  which  will  adequately  cover  the  facts  re- 
ported. 


CHAPTER  IX 

THE  NATURE  OF  THE  DETERIORATION 
FOLLOWING  CEREBRAL  LESIONS 

The  experimental  data  upon  learning  after  brain  injuries 
seem  conflicting.  On  the  one  hand,  there  is  more  or  less  retarda- 
tion in  maze  learning  for  every  type  of  maze  studied,  and  a  sig- 
nificant reduction  of  retentiveness  for  at  least  the  most  compli- 
cated of  the  mazes.  On  the  other  hand,  neither  learning  nor  re- 
tentiveness for  the  brightness  habit  is  affected  by  any  previous 
amount  or  locus  of  cerebral  injury.  With  the  visual  habit  that  of 
the  double-platform  box  must  be  classed,  for  its  rate  of  forma- 
tion is  likewise  unaffected  by  extensive  cerebral  lesions.  Some 
fundamental  difference  between  the  two  groups  of  habits  is 
shown  not  only  by  the  diverse  records  in  initial  learning  after 
cortical  destruction  but  also  by  studies  of  postoperative  re- 
tention. The  maze  habits  show  no  definite  localization  when 
formed;  the  brightness  habit  is  clearly  associated  with  the  area 
striata  (Lashley,  1927)  and  the  problem  box  with  the  frontal 
region  (Lashley  and  Franz,  1917;  Hunter,  1926). 

SIGNIFICANCE  OF  DIFFERENT  RESULTS  IN  THE  FORMATION  OF 
MAZE  AND  DISCRIMINATION  HABITS 

Is  the  retardation  in  the  mazes  due  to  the  loss  of  some  func- 
tion which  is  specific  for  maze  learning,  or  is  it  indicative  of 
some  more  general  deficiency  comparable  to  dementia?  If  the 
former,  what,  specifically,  is  the  nature  of  the  defect;  if  the  lat- 
ter, how  can  we  account  for  the  normal  rate  of  formation  of  the 
ether  habits?  The  two  habits  differed  in  the  sensory  factors  in- 
volved and  in  the  incentives  used  for  learning.  We  must  first 
consider  whether  these  are  sufficient  to  account  for  the  unlike 
influences  of  cerebral  injury. 

Sensory  factors. — P>om  the  data  on  the  brightness  habit  it 
is  clear  that  a  retardation  of  learning  is  not  produced  by  a  de- 
struction of  the  chief  cortical  area  normally  involved  in  the  sen- 
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sory  processes  underlying  the  habit.  The  various  lines  of  evi- 
dence on  the  sensory  components  of  the  maze  habit  seem  also  to 
rule  out  any  important  influence  of  purely  sensory  defects  in  the 
retardation  of  maze  learning.  Peripheral  sense  privation  does 
not  produce  the  types  of  behavior  characteristic  of  lesions  in 
the  cortical  sensory  fields.  Moreover,  the  double-platform  box, 
which  seems  to  involve  the  same  sensorimotor  adjustments  as 
the  mazes,  behaves  like  the  brightness  habit  in  relation  to  corti- 
cal injury.  There  is  thus  no  justification  for  ascribing  the  dif- 
ference between  these  two  types  of  habits  to  the  destruction  or 
survival  of  different  cerebral  sensory  mechanisms.  The  explana- 
tion of  the  differences  must  be  sought  at  a  higher  level  of  inte- 
gration. 

The  relation  of  incentives  to  retardation. — In  the  mazes 
hunger  was  used  as  an  incentive  to  learning;  in  the  brightness 
box,  a  combination  of  hunger  and  punishment  for  errors.  But 
the  difference  cannot  be  ascribed  to  the  punishment,  for  hunger 
was  the  sole  incentive  for  learning  with  the  double-platform  box, 
and  with  it  animals  having  brain  lesions  showed  no  retardation. 
Furthermore,  if  we  can  judge  at  all  by  the  general  behavior  of 
the  animals,  the  hunger  incentive  is  stronger  in  the  severely  de- 
teriorated cases  than  in  normal  animals.  They  are  more  vora- 
cious, more  constantly  active  in  the  maze  before  they  reach  the 
food,  and  some  of  them  will  eat  far  larger  quantities  of  food 
than  normal  animals,  stuffing  themselves  until  it  seems  that  they 
must  burst.  On  the  other  hand,  they  seem  as  a  rule  less  sensitive 
to  punishment  (faradization)  than  are  normal  animals. 

These  facts  seem  to  rule  out  differences  in  incentives  as  an 
important  factor  in  differentiating  the  two  types  of  habit. 

The  probable  simplicity  of  the  latch-box  and  discrimination 
habits. — The  double-platform  box  requires  142 ±9  trials  for 
learning  by  normal  animals ;  the  brightness  habit,  about  1 3  5  zt  1 2 
trials.  The  most  difficult  of  the  mazes  studied  required  an  av- 
erage of  only  19  trials  for  learing.  Thus  the  two  problems  on  the 
learning  of  which  cerebral  injury  had  no  effect  seem  to  be  enor- 
mously more  difficult  than  the  mazes,  in  which  the  effects  of  cere- 
bral lesion  were  most  pronounced.  But  there  are  other  relevant 
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facts.  The  typical  learning  curve  for  both  the  inclined-plane  box 
and  the  brightness  habit  is  one  with  a  sudden  drop  after  a  longer 
or  shorter  period  of  initial  adjustment.  The  following  records 
showing  the  number  of  errors  in  successive  groups  of  lo  trials 
are  selected  from  a  series  of  30  normal  cases  trained  in  bright- 
ness discrimination : 
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There  is  in  each  case  a  rather  sudden  drop  (*)  from  a  chance 
number  of  errors  to  one  or  no  errors  in  10  trials.  Sixteen  of  the 
30  records  conform  to  this  type;  the  others  show  a  more  con- 
tinuous decrease  in  errors.  Where  it  appears,  a  gradual  decrease 
is  likely  to  be  deceptive,  for  it  actually  depends,  at  least  in  part, 
upon  other  factors  than  discrimination.  In  the  preceding  records 
it  will  be  noted  that  the  majority  of  animals  make  more  than  a 
chance  number  of  errors  (5)  in  the  first  days  of  training.  Many 
animals  tend  to  explore  the  entire  box  at  every  trial  until  they 
become  thoroughly  adapted  to  the  routine  of  training,  and  the 
initial  improvement  is  largely  due  to  this. 

Both  the  doubt-platform  box  and  the  discrimination  box  pre- 
sent situations  which  are  more  foreign  to  the  daily  activities  of 
the  animals  than  are  the  mazes.  Orientation  in  a  stable  environ- 
ment is  a  constant  phase  of  the  animal's  behavior;  the  situation 
in  the  maze  may  be  complex,  but  it  involves  no  unfamiliar  ele- 
ments. The  discrimination  and  problem-box  experiments,  on  the 
contrary,  require  an  association  between  two  elements  of  the  sit- 
uation which  have  probably  never  before  been  identified  in  the 
animal's  experience. 

As  an  analogous  case,  a  trained  mathematician,  when  con- 
fronted with  an  intricate  problem,  may  proceed  directly,  by  the 
application  of  familiar  principles,  to  the  solution.  He  may  con- 
sume far  more  time  and  effort  when  forced  to  diagnose  ignition 
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trouble  and  start  his  stalled  car,  although  the  actual  principles 
involved  are  vastly  simpler.  He  consumes  time  with  this  and 
that  experimental  adjustment;  but  once  he  discovers  dirt  in  the 
distributor,  the  habit  of  turning  first  to  that  point  is  quickly  es- 
tablished. 

There  are  many  indications  that  animals  in  problem-box  sit- 
uations experiment  with  many  solutions.  Thus  one  rat,  in  exper- 
iments with  the  inclined-plane  box  (Lashley  and  Franz,  19 17), 
originally  opened  the  box  by  an  accidental  fall  from  the  roof  of 
the  restraining  cage.  For  several  trials  thereafter  she  systemati- 
cally climbed  to  the  roof  and  let  go,  totaling  more  than  50  falls 
before  the  method  was  abandoned.  Persistence  in  other  less- 
striking  false  solutions  may  be  frequently  observed.  Similarly 
in  the  discrimination  box,  responses  to  position,  to  alternation, 
or  to  cues  from  the  experimenter's  movements  usually  precede 
the  reactions  to  the  light  and  represent  attempted  solutions 
which  are  within  the  rat's  customary  range  of  activity. 

In  both  types  of  habit  there  is  often  a  specific  response  to  the 
essential  parts  of  the  problem  which  foreshadow^s  the  solution. 
Thus  the  animal  which  has  run  across  the  platform  many  times 
without  pause,  stops  and  explores  the  platform  thoroughly.  The 
door  is  opened  during  this  exploration,  and  thereafter  all  activity 
in  the  restraining  cage  centers  about  the  platform  and  door.  In 
the  discrimination  box  likewise,  a  long  exploration  of  the  stimu- 
lus plate  is  often  followed  by  a  series  of  correct  responses. 

The  form  of  the  learning  curve  is  the  more  significant  when 
considered  in  relation  to  such  behavior.  In  many  cases  it  strong- 
ly suggests  that  the  actual  association  is  formed  very  quickly 
and  that  both  the  practice  preceding  and  the  errors  following 
are  irrelevant  to  the  actual  formation  of  the  association.  The 
"all-6r-nothing"  action  of  the  discrimination  habit  is  very  ap- 
parent in  some  studies  of  the  threshold  of  brightness  discrimi- 
nation which  are  now  in  progress.  When  the  difference  in  in- 
tensities approaches  the  animal's  limen,  he  falls  back  upon  po- 
sition or  right-left  alternation  as  a  basis  of  reaction.  If  now  the 
difference  is  increased  again  to  the  point  at  which  he  was  dis- 
criminating accurately  before,  he  may  persist  in  the  position  or 
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alternation  habit  for  many  trials,  then  suddenly  drop  from  50 
to  o  per  cent  error,  and  this  usually  corresponds  to  a  change 
from  a  slap-dash  to  a  cautious  traversing  of  the  discrimination 
compartment.  There  is  no  present  way  to  record  such  behavior 
objectively,  and  I  can  present  the  description  only  as  an  impres- 
sion from  the  training  of  several  hundred  animals  in  these  prob- 
lems. Nevertheless,  I  believe  that  the  picture  will  be  a  familiar 
one  to  all  who  have  had  experience  in  training  animals  in  the 
Yerkes  box  and  that  it  justifies  us  in  interpreting  the  discrimina- 
tion habit  as  a  simple  association  acquired  only  after  a  number 
of  more  familiar  solutions  have  been  tried  unsuccessfully. 

The  complexity  of  the  maze  habit. — The  solution  of  the 
maze  problem,  on  the  contrary,  seems  to  involve  a  more  intri- 
cate process  which  is  far  from  adequately  accounted  for  by  our 
theories  of  maze  learning.  Habits  like  that  of  the  maze — in  fact, 
all  learning  involving  a  sequence  of  manipulative  or  verbal  activ- 
ities— have  most  frequently  been  interpreted  as  series  of  chain 
reflexes.  Washburn  (1916)  calls  these  "movement  systems"  and 
defines  them  as  "a  combination  of  movements  so  linked  together 
that  the  stimulus  furnished  by  the  actual  performance  of  cer- 
tain movements  is  required  to  bring  about  other  movements." 
There  is  no  direct  evidence  in  proof  of  the  correctness  of  this 
analysis  of  serial  habits.  The  demonstration  that  the  habit  is 
not  dependent  upon  stimulation  of  exteroceptors  (Watson,  1907) 
and  observations  upon  the  effects  of  changing  the  length  of  al- 
leys (Carr  and  Watson,  1908)  have  shown  that  the  execution  of 
the  habit  is  internally  conditioned.  In  the  absence  of  further 
evidence,  the  assumption  of  a  kinaesthetic-motor  chain  was  jus- 
tified, but  the  actual  functioning  of  such  a  mechanism  was  not 
proved.  The  observations  on  spinal  lesions,  mentioned  earlier 
(Lashley  and  Ball,  1929),  seem  to  reduce  the  kinaesthetic  and 
motor  patterns  to  the  same  status  as  the  exteroceptors  in  the 
performance  of  the  maze  habit.  They  may  be  utilized  as  cues  to 
orientation  but  are  not  essential  to  the  correct  performance  of 
the  habit. 

Observations  on  the  behavior  of  animals  with  pronounced 
motor  disturbances  following  spinal  or  cerebellar  injuries  em- 
phasize the  relative  unimportance  of  the  movement  system.  An- 
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imals  which  have  learned  the  maze  before  the  development  of 
the  motor  inco-ordinations  continue  to  traverse  it.  although  the 
manner  of  progression  may  be  almost  completely  altered.  One 
drags  himself  through  with  his  forepaws;  another  falls  at  every 
step  but  gets  through  by  a  series  of  lunges;  a  third  rolls  over 
completely  in  making  each  turn,  yet  manages  to  avoid  rolling 
into  a  cul-de-sac  and  makes  an  errorless  run.  The  behavior  pre- 
sents exactly  the  same  problem  of  direct  adaptation  of  any  mo- 
tor organs  to  the  attainment  of  a  given  end,  which  was  outstand- 
ing in  my  earlier  observations  on  the  behavior  of  monkeys  after 
destruction  of  the  precentral  gyri  (Lashley,  1924a,  b).  If  the 
customary  sequence  of  movements  employed  in  reaching  the 
food  is  rendered  impossible,  another  set,  not  previously  used  in 
the  habit,  and  constituting  an  entirely  different  motor  pattern, 
may  be  directly  and  efficiently  substituted  without  any  random 
activity. 

Some  observations,  which  I  have  not  yet  been  able  to  put  on 
an  objective  footing,  bear  out  this  interpretation.  With  a  num- 
ber of  normal  animals  which  had  learned  the  Maze  III,  I  made 
the  following  test.  The  wire  mesh  cover  was  removed  from  the 
maze  and  starting-compartment,  and  the  entrance  to  the  maze 
blocked.  An  animal  was  then  placed  in  the  starting-compart- 
ment and  kept  under  observation.  Of  20  so  tested,  5  pursued  the 
most  direct  course  across  the  tops  of  the  partitions  to  the  food 
box,  with  practically  no  random  exploration,  3  wandered  about 
and  reached  the  food  seemingly  by  chance,  and  the  others 
dropped  into  the  first  alley  and  followed  their  customary  path. 
The  probability  of  such  a  result  from  chance  cannot  be  com- 
puted, but  the  behavior  of  the  5  that  followed  the  direct  course 
to  the  food  strongly  suggested  that  they  were  perfectly  oriented 
with  respect  to  its  direction,  although  they  had  never  before 
reached  it  save  by  the  indirect  path  of  the  maze.  Observations 
of  others  upon  the  shortening  of  the  path  through  the  maze,  and 
on  a  maze  constructed  to  test  this  question  of  direct  adaptation, 
likewise  suggest  that  the  rat  forms,  from  the  indirect  path  of  the 
maze,  some  generalization  as  to  the  relative  positions  of  the 
starting  and  food  boxes. 

Evidence  of  various  sorts   (Peterson,   191 7;   Kuo,  1922) 
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points  to  the  formation  of  a  number  of  positive  associations 
rather  than  to  the  dropping  of  elements  from  an  initial  series. 
The  random  character  of  the  animal's  acts  in  the  maze  is  ques- 
tionable, even  when  the  term  is  used  to  mean  only,  "determined 
by  chance  external  stimuli."  One  does  not  realize  the  meaning 
of  ''random"  behavior  until  he  has  compared  a  normal  animal 
with  one  having  extensive  cerebral  destruction.  The  normal  an- 
imal almost  never  re-enters  a  cul-de-sac  without  intervening  ex- 
ploration of  other  parts  of  the  maze.  An  animal  with  severe  le- 
sions may  repeat  a  single  error  as  many  as  two  hundred  times 
before  passing  to  other  parts  of  the  maze.  Such  a  difference  can 
only  mean  that  the  normal  animal  possesses  something  like  an 
immediate  memory  which  prevents  him  from  repeating  an  error 
just  made.  Similarly,  after  the  first  trial  or  two  the  normal  ani- 
mal gives  evidence  of  a  general  orientation  which  the  operated 
case  is  sometimes  slow  in  acquiring. 

The  available  evidence  seems  to  justify  the  conclusion  that 
the  most  important  features  of  the  maze  habit  are  a  generaliza- 
tion of  direction  from  the  specific  turns  of  the  maze  and  the  de- 
velopment of  some  central  organization  by  which  the  sense  of 
general  direction  can  be  maintained  in  spite  of  great  variations 
of  posture  and  of  specific  direction  in  running. 

RETARDATION  NOT  SPECIFIC  FOR  THE  MAZE 

There  is  much  in  the  behavior  of  the  operated  animals  which 
make  poor  records  in  the  maze  that  is  suggestive  of  a  general  de- 
terioration, although  the  evidence  is  difficult  to  express  in  quan- 
titative terms.  The  mazes  used  were  provided  with  swinging 
doors  limiting  progress  to  one  direction  at  the  starting-compart- 
ment and  food  box.  The  animals  with  extensive  lesions  had  great 
difficulty  in  negotiating  these  doors.  When  any  animal  failed  to 
push  through  the  door  to  the  food  box  promptly  as  he  reached  it 
in  the  first  trial,  he  was  given  special  training  with  the  doors  un- 
til he  would  react  to  them  readily.  Some  of  the  animals  with  ex- 
tensive lesions  never  learned  this  and  were  trained  throughout 
the  tests  with  the  doors  open. 

In  feeding,  the  animals  with  extensive  lesions  showed  vari- 


NATURE  OF  THE  DETERIORATION 


139 


ous  peculiarities.  Some,  on  reaching  the  food  compartment 
would  eat  feces  or  bits  of  sawdust,  although  they  disregarded 
similar  objects  in  the  maze.  All  were  less  aggressive  in  competi- 
tion for  food  with  other  animals.  Many  normal  animals  quickly 
acquire  the  habit  of  filling  mouth  and  paws  with  bread  as  the 
experimenter  lifts  them  from  the  food  box.  Such  behavior  was 
exceptional  among  the  more  deteriorated  animals. 

In  the  home  cages  the  operated  animals  with  larger  lesions 
seemed  more  oblivious  to  the  presence  of  others  than  are  nor- 
mal animals.  They  built  no  nests,  failed  to  keep  themselves 
clean  and  free  from  parasites,  and  rarely  escaped  from  the  home 
cages,  even  when  the  doors  were  left  open.  They  adapted  to 
handling  as  quickly  as  normals,  ceasing  to  struggle  or  bite  when 
once  grasped;  but  many  of  them  continued  to  bite  viciously  at 
an  approaching  hand  in  the  home  cage. 

Many  individual  peculiarities  of  behavior  developed,  such 
as  always  dragging  the  food  dish  about  the  cage  before  eating, 
persistent  digging  at  the  wooden  floor  of  the  starting-boxes,  and 
the  like.  The  whole  picture  is  one  of  a  deterioration  rather  than 
of  a  loss  which  is  specific  for  the  mazes.  It  seems  clear  that  the 
problem  is  less  to  explain  the  retardation  in  the  maze  than  to  ac- 
count for  the  lack  of  retardation  in  the  other  situations. 

Experiments  still  in  progress  are  giving  evidence  that  with 
increasing  complexity  of  the  discrimination  problem  a  retarda- 
tion appears  after  brain  lesions  which  is  not  evident  in  the  sim- 
pler discrimination.  Thus,  animals  were  trained  to  approach  a 
single  light  and  avoid  darkness.  When  this  habit  was  estab- 
lished, a  second  dim  light  was  introduced  and  the  animals  trained 
to  choose  the  brighter  of  the  two.  Data  for  normal  animals  and 
for  animals  with  the  visual  area  destroyed  were  the  following: 


Normals 

Operated 

Errors 

Trials 

Errors 

Trials 

Learning  light-darkness  discrimination .... 
Subsequent  learning  two-light   discrimina- 
tion                       

49.6 
3.8 

125 
27.7 

40.6 
10.4 

IIO* 

53 

*  As  usual  the  operated  animals  are  superior  to  normals  in  learning  this  problem. 
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The  experiment  further  involved  tests  for  threshold  of  dis- 
crimination between  two  lights.  For  each  new  setting  of  the 
problem  the  operated  animals  required  more  practice  than  the 
normals,  although  their  threshold  of  discrimination,  determined 
after  long  training,  is  not  very  much  higher  than  that  of  nor- 
mals. They  require  more  practice  for  adaptation  to  the  new  and 
complex  situations,  although  the  discrimination  involved  is  far 
above  their  limen. 

These  data  seem  to  bear  out  our  interpretation  of  the  differ- 
ences between  the  problems  as  one  of  complexity.  Learning  of 
the  simplest  mazes  largely  escapes  from  influence  of  cerebral  le- 
sions, as  does  learning  of  the  hght-darkness  discrimination.  With 
increasing  complexity  of  either  situation  the  retarding  effect  of 
lesions  becomes  apparent. 

I  am  aware  that  this  implies  a  reversal  of  the  usual  concep- 
tion of  the  discrimination  and  maze  habits,  tending  to  interpret 
the  former  as  learning  by  the  trial-and-error  use  of  various  solu- 
tions within  the  animal's  ordinary  experience  and  the  latter  as 
involving  a  higher  level  of  integration  approaching  rational 
learning,  but  the  evidence  from  many  sources  seems  to  me  to 
justify  such  an  interpretation  as  being  most  consistent  with  the 
available  data.  Among  the  mazes  the  degree  of  retardation  fol- 
lowing brain  injury  is  proportional  to  the  relative  difficulty  of  the 
mazes  for  normal  animals  and  to  the  objective  complexity  of  the 
problems.  It  seems  not  unlikely  that  the  actual  associations  re- 
quired for  the  latch  boxes  and  discrimination  habit  are  simpler 
than  those  for  the  mazes  and  that  the  escape  of  these  habits  from 
the  influence  of  brain  lesions  is  the  result  of  their  greater  sim- 
plicity. 

The  supposition  that  the  differences  are  all  due  to  varia- 
tions in  the  complexity  of  the  functions  also  accords  with  other 
evidence  that  the  degree  of  isolation  and  exact  anatomical  lo- 
calization is  inversely  proportional  to  the  complexity  of  the 
functions  (]\Ionakow,  1914,  p.  902).  We  might  therefore  in- 
terpret the  data  as  indicating  that  the  habits  of  the  latch-box 
and  visual  discrimination  are  simple  and  capable  of  perform- 
ance by  isolated  mechanisms  which  can  be  developed  rather 
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readily  in  various  parts  of  the  nervous  system;  that  the  maze 
habits  are  more  complex,  are  dependent  upon  the  activity  of 
larger  amounts  of  tissue,  somewhat  in  proportion  to  their  indi- 
vidual complexity,  and  hence  are  not  functionally  identified  with 
any  particular  cerebral  area. 

The  interpretation  is  not  very  illuminating  but  seems  pref- 
erable to  the  admission  that  learning  may  involve  two  kinds  of 
nervous  activity  as  strikingly  different  as  those  which  our  data 
otherwise  seem  to  reveal. 

None  of  the  studies  of  learning  or  retention  of  the  mazes 
after  cerebral  lesions  has  given  the  slightest  indication  that  the 
maze  habit  is  made  up  of  independent  associational  elements. 
There  was  never  amnesia  for  one  part  of  the  path  with  retention 
of  another  (except  that  the  habit  of  manipulating  the  doors,  once 
acquired,  was  never  lost).  It  was  impossible  to  discover  differ- 
ences in  sensory  or  motor  processes  which  would  correlate  with 
the  loci  of  injury  or  account  for  the  retardation.  The  diversities 
of  behavior,  such  as  disorientation,  tendencies  to  perseveration, 
and  the  like,  corresponded  somewhat  with  the  magnitude  of  le- 
sion but  not  at  all  with  the  locus,  and  seemed  to  represent  di- 
verse degrees  of  deterioration  rather  than  specific  defects.  Taken 
all  together,  the  evidence  opposes  the  existence  of  a  specific  de- 
terioration in  the  cases  with  extensive  lesions  and,  I  believe,  jus- 
tifies the  conclusion  that  the  effect  which  cerebral  lesions  pro- 
duce in  the  rat  resembles  more  closely  a  general  dementia  than 
any  of  the  more  specialized  defects  such  as  apraxia  or  cortical 
anesthesia  in  man. 


CHAPTER  X 
COMPARISON  OF  THE  RAT  WITH  OTHER  FORMS 

The  results  which  we  have  obtained  in  the  study  of  cerebral 
function  in  the  rat  indicate  that  the  more  complex  functions,  di- 
vorced from  purely  sensory  or  motor  processes,  are  largely  car- 
ried out  in  independence  of  structural  differentiation.  Specific 
cortical  areas,  and  association  or  projection  tracts,  seem  unessen- 
tial to  the  performance  of  such  functions,  which  rather  depend 
upon  the  total  mass  of  normal  tissue.  Such  a  conclusion  runs 
counter  to  much  of  the  accepted  theory  of  cerebral  function,  with 
its  emphasis  upon  definite  localization,  continuity,  and  discrete- 
ness of  reflex  arcs.  This  body  of  theory  has  grown  up  gradually 
from  a  multitude  of  experimental  and  clinical  observations  which 
are  by  no  means  consistent  among  themselves.  It  is  possible  that 
the  cerebral  functions  in  the  rat  are  not  typical  of  the  mecha- 
nisms at  work  in  higher  forms;  it  is  also  possible  that  we  have 
overdeveloped  the  simple  reflex  hypothesis  in  an  effort  to  make 
the  intricacies  of  brain  function  more  comprehensible. 

Most  of  our  knowledge  of  cerebral  function  is  based  upon 
studies  of  the  dog,  monkey,  and  man.  I  shall  review  briefly  some 
of  the  work  with  these  forms,  first,  to  show  that  the  observed 
facts  are  not  inconsistent  with  our  data  for  the  rat  and,  second,  to 
indicate  the  changes  which  have  occurred  with  increase  in  com- 
plexity of  function. 

CEREBRAL  FUNCTION  IN  THE  DOG 

Few  facts  concerning  the  effects  of  cerebral  lesions  in  the 
dog  are  clearly  established.  It  is  difficult  to  evaluate  the  older 
work,  and  there  has  been  little  attempt  to  check  it  since  the 
development  of  more  adequate  methods  of  studying  animal  be- 
havior. The  most  extensive  studies  are  those  of  Goltz  (1881), 
Munk  (1909),  Hitzig  (1903),  Luciani  and  Seppih  (1886), 
Loeb  (1884,  1886),  Minkowski  (1911),  Bianchi  (1922),  and 
Pavlov  (1927).  I  have  not  space  to  review  the  bitter  controver- 
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sies  which  characterized  the  earher  studies.  There  is  scarcely  a 
statement  of  fact  by  one  which  is  not  denied  by  others,  and  there 
is  no  agreement  as  to  interpretations. 

The  visual  mechanisms. — j\luch  of  the  earher  work  was  con- 
cerned with  the  function  of  vision  and  is  closely  related  to  our 
data.  There  is  not  conclusive  evidence  concerning  even  the  pe- 
ripheral mechanisms  of  vision  in  the  dog.^  The  dog  is  probably 
color  blind  (Smith,  191 2)  and  lacking  in  detail  vision.  John- 
son (191 6)  and  Szymanski  (1918)  were  unable  to  gain  any  ev- 
idence of  pattern  vision  in  the  dogs  which  they  studied.  Pavlov 
(1927),  on  the  contrary,  claims  a  fair  degree  of  visual  acuity  and 
the  capacity  to  distinguish  complex  visual  patterns  in  the  animals 
studied  by  Orbeli  and  Shenger-Krestovnikova.  The  dog  lacks 
an  anatomically  demonstrable  fovea  (Slonaker,  1897);  and, 
since  detailed  reports  of  the  methods  used  in  Pavlov's  laboratory 
are  not  available,  I  am  inclined  to  accept  the  work  of  Szymanski 
and  Johnson,  pending  further  analysis  of  the  conditioned-reflex 
techniques.  IVIost  of  the  attempts  to  determine  the  character  of 
vision  and  the  extent  of  scotoma  in  work  on  the  visual  cortex  of 
the  dog  have  depended  upon  reaction  to  movement,  either  the 
moving  hand  of  the  experimenter  or  pieces  of  meat  thrown  past 
the  animal.  We  have  no  controlled  study  of  the  normal  animal's 
sensitivity  to  visual  motion  and  so  can  make  little  estimate  of  the 
reliability  of  the  observations  on  animals  with  brain  injuries.  In 
evaluating  the  experimental  studies,  we  must  bear  in  mind  the 
inadequacy  of  the  methods  and  the  lack  of  any  certain  knowl- 
edge of  vision  in  the  normal  animal. 

In  a  long  series  of  studies  Munk  (1881,  1909)  developed 
his  theory  of  the  cortical  retina.  His  conclusions  embrace  the 
following  points:  (i)  The  entire  occipital  region  of  the  hemi- 
spheres is  concerned  with  vision.  (2)  Destruction  of  any  area 
within  this  region  is  attended  by  a  local  area  of  permanent  blind- 
ness ("cortical  blindness")  corresponding  in  position  to  the  lo- 
cus of  injury  and  appearing  in  the  visual  field  of  both  eyes, 
though  most  extensively  in  the  eye  opposite  the  lesion.   (3)  The 

'  For  a  review  of  experimental  work  on  the  behavior  of  normal  dogs,  see 
the  paper  by  Warden  and  Warner  (1928). 
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area  of  acute  vision  is  projected  on  the  central  portion  of  the 
occipital  zone  (Munk's  area  A,).  (4)  In  addition  to  permanent 
cortical  blindness,  lesions  within  this  central  zone,  if  not  too  ex- 
tensive, produce  "psychic  blindness,"  which  is  a  loss  of  memory 
for  visual  objects  and  is  recoverable.  (5)  Recovery  results  from 
a  process  of  re-education  whereby  new  meanings  are  attached 
to  visual  experience.  In  addition  to  these  specific  associations, 
the  animal  learns  to  disregard  the  scotomatous  areas,  as  the  blind 
spot  is  normally  disregarded. 

Goltz  (1881)  disputed  these  results,  maintaining  that  no 
permanent  blindness  was  ever  produced  by  cerebral  lesions, 
however  extensive,  and  ascribing  Munk's  results  to  the  "visual 
weakness"  and  dementia  of  the  animals. 

Luciani  and  Seppili  (1886)  repeated  much  of  Munk's  work. 
They  confirmed  his  observations  of  disturbances  of  vision  from 
lesions  in  the  occipital  region  but  obtained  disturbances  also 
from  lesions  in  other  remotely  distant  areas.  The  former  they 
considered  as  true  visual  disturbances;  the  latter,  as  an  inter- 
ference with  the  associative  processes  of  the  visual  area.  They 
found  bilateral  homonymous  hemianopia  after  complete  destruc- 
tion of  one  parietal  temporal,  or  occipital  area.  They  were  not 
able  to  demonstrate  any  more  limited  scotomas  and  claimed,  in 
opposition  to  Munk,  that  a  partial  extirpation  of  both  occipital 
areas  always  results  in  a  more  or  less  severe  disturbance  of  vi- 
sion which  is  uniform  for  the  entire  area  of  both  retinas.  They 
further  found  that  the  disturbances  of  vision  are  never  perma- 
nent. Absolute  blindness  does  not  result  from  any  cortical  le- 
sion, and  only  partial  "psychic  blindness"  follows  extensive 
occipital  lesions  (e.g.,  the  animal  orients  to  food  but  fails  to 
distinguish  it  from  cork). 

Loeb  (1884,  1886)  attacked  Munk's  work  upon  still  other 
grounds.  He  failed  to  demonstrate  complete  hemianopia  after 
any  unilateral  lesion  but  did  obtain  homonymous  weakness  of 
vision  (hemiamblyopia)  after  such  lesions.  He  denied  the  repre- 
sentation of  the  area  of  acute  vision  in  Munk's  area  Ai  and 
claimed,  first,  that  any  part  of  the  visual  cortex  might  be  de- 
stroyed without  the  slightest  disturbance  of  vision  and,  second. 
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that  when  disturbances  did  occur  they  were  always  in  the  form 
of  a  complete  hemiamblyopia  with  the  best  vision  in  the  original 
macula.  He  ascribed  the  temporary  defects  of  vision  to  shock 
and  denied  that  they  are  improved  by  retraining,  citing  cases  of 
improvement  in  animals  kept  in  darkness  after  operation.  Fi- 
nally, he  opposed  the  conception  of  "psychic  blindness,"  claiming 
that  Munk's  cases  for  which  the  loss  of  associations  without 
blindness  was  claimed  were  really  cases  of  extensive  hemiam- 
blyopia in  which  the  remaining  intact  field  was  so  small  that  the 
animals  could  not  perceive  the  whole  of  the  objects  to  be  recog- 
nized. 

Bernheimer  (1900)  ascribed  "psychic  blindness,"  not  to  the 
destruction  of  area  Ai  or  any  other  restricted  cortical  area.  He 
believed  that  the  projection  fibers  from  the  macula  are  widely 
distributed  to  the  occipital  cortex  and  that  any  lesion  is  likely  to 
interrupt  a  sufficient  number  of  them  to  produce  visual  disturb- 
ances. 

Hitzig  (1903),  after  a  study  of  more  than  100  cases,  denied 
almost  all  of  IMunk's  findings.  There  is  no  accurate  projection 
of  the  retina  on  the  cortex  but  only  a  tendency  for  representation 
of  the  quadrants  with  a  great  deal  of  individual  variation.  Scoto- 
mas are  never  complete,  except  perhaps  after  complete  destruc- 
tion of  the  occipital  lobes,  but  involve  retention  of  sensitivity  to 
light.  r.Iarked  reactions  to  light  can  frequently  be  elicited  when 
no  response  to  visual  objects  appears.  There  is  complete  recov- 
ery from  the  effects  of  the  majority  of  lesions,  the  partial  scoto- 
mas lasting  only  a  few  days  or,  at  most,  weeks.  The  defects  of 
vision  are  due  to  disturbances  of  perception,  not  of  the  associa- 
tive mechanism,  and  are  not  "psychic  blindness,"  in  Munk's 
sense. 

Vitzou  (1893)  reported  total  permanent  blindness  after 
complete  extirpation  of  the  occipital  lobes  in  dogs.  His  descrip- 
tions of  the  lesions  are  inadequate  and  he  later  reported  partial 
recovery  of  vision  in  monkeys  subjected  to  the  same  type  of  le- 
sion. Bechterew  (1911)  states  that  permanent  blindness  re- 
sulted from  destruction  of  the  mesial  surfaces  of  the  occipital 
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lobes  and  that  lesions  to  the  lateral  surfaces  produced  only  tem- 
porary symptoms. 

The  most  careful  study  of  the  visual  area  in  the  dog  is  that 
of  Minkowski  (1911).  He  finds  no  permanent  disturbance  of 
vision  after  destruction  of  the  lateral  or  dorsal  convexities  of  the 
occipital  lobes.  i\blation  of  the  mesial  surface  (the  area  striata) 
of  one  hemisphere  produces  a  permanent  blindness  which  in- 
volves the  lateral  three-fourths  of  the  visual  field  of  the  contra- 
lateral eye  and  a  temporary  disturbance  of  vision  in  the  nasal 
fourth  of  the  visual  field  of  the  eye  of  the  same  side.  The  upper 
and  lower  halves  of  the  visual  field  are  represented  in  the  lower 
and  upper  halves  of  the  area  striata,  respectively. 

Complete  destruction  of  both  striate  areas  is  followed  by 
complete  and  permanent  blindness,  such  that  even  avoiding  re- 
actions to  bright  lights  cannot  be  re-established.  The  animals 
show  a  disturbance  of  spacial  orientation  which  is  far  more  se- 
vere than  that  reported  for  peripherally  blinded  dogs  (Johnson, 

1913)- 

IMinkowski  denies  a  cell-to-cell  correspondence  between  ret- 
ina and  cortex  but  believes  that  "every  perceptual  element  of 
the  retina  is  in  relation  with  a  whole  area  of  perceptual  elements 
in  the  cortex." 

Pavlov  (1927)  reports  only  the  results  of  complete  extirpa- 
tion of  the  occipital  cortex.  Animals  with  such  lesions  lost  all 
visual  habits  and  failed  to  reacquire  any  reactions  to  visual  pat- 
terns in  their  ordinary  environment.  "Neither  men  nor  animals 
nor  food  were  discriminated  by  these  animals  by  sight."  But  it 
was  possible  to  establish  conditioned  reflexes  to  light;  to  differ- 
ences in  luminous  intensity,  and,  in  one  case,  the  discrimination 
between  a  luminous  cross  and  circle,  under  the  simpler  conditions 
of  the  laboratory. 

It  is  difficult  to  discover  the  truth  in  this  record  of  contra- 
dictions. Doubtless,  differences  in  method  will  account  for  the 
discrepancies;  but  none  of  the  methods  of  examining  the  visual 
field  were  free  from  interpretative  error,  and  there  is  little  choice 
with  respect  to  reliability.  Minkowski  has  controlled  the  extent 
of  lesion  most  carefully,  and  his  work  seems  to  demonstrate  a 
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cortical  blindness  from  destruction  of  the  area  striata  and  a  sep- 
arate representation  of  the  four  quadrants  of  the  retina  on  the 
occipital  cortex.  This  area  is  difficult  to  reach  by  ordinary  op- 
erative techniques,  and  it  seems  probable  that  experimenters 
who  report  recovery  from  scotomas  have  not  completely  de- 
stroyed the  visual  cortex. 

A  significant  point  is  that  Minkowski  obtained  either  a  com- 
plete hemianopia  in  the  lateral  field,  defects  involving  an  entire 
quadrant,  or  recoverable  symptoms.  That  is,  unless  the  entire 
cortical  field  corresponding  to  a  retinal  quadrant  is  destroyed, 
the  defects  do  not  appear  to  be  permanent.  Poppelreuter  (191 7) 
has  pointed  out  that  in  man  the  variety  of  form  shown  by  scoto- 
mas is  less  than  the  probable  variety  of  form  in  central  lesions 
and  that  the  scotomas  for  the  most  part  extend  along  entire 
quadrants  either  from  the  center  or  from  the  periphery  of  the 
visual  field.  These  facts  indicate  that  in  both  the  dog  and  man 
there  is  some  equipotentiality  of  function  within  each  cortical 
field  representing  a  quadrant  of  the  retina. 

In  our  experiments  with  the  rat  recovery  of  the  capacity  for 
brightness  discrimination  has  appeared  after  the  complete  de- 
struction of  the  area  striata ;  but  such  evidence  as  is  at  hand  in- 
dicates that  recovery  is  not  possible  in  the  absence  of  the  entire 
cerebral  cortex.  This  suggests  that  in  the  rat  the  cortical  repre- 
sentation of  the  retina  is  more  diffuse  than  in  the  dog  and  per- 
haps lacks  the  unilateral  differentiation.  Any  part  of  the  cortex 
may  mediate  the  visual  functions,  at  least  for  brightness  dis- 
crimination, and  within  the  whole  area  striata  the  parts  are  equi- 
potential.  In  the  dog  the  central  representation  is  more  limited, 
and  quadrantal  distribution  appears,  especially  in  the  nasal  ret- 
ina; but  within  the  limits  of  this  specialization,  the  parts  may 
still  be  equipotential. 

The  question  of  "psychic  blindness"  in  the  dog  is  still  un- 
settled. ]\Iunk.'s  theory  of  localized  memory  images  does  not  ac- 
cord with  modern  views  of  nervous  organization,  but  the  question 
as  to  whether  visual  habits  may  be  permanently  lost  without  ac- 
tual cortical  blindness  has  not  been  tested  by  any  of  the  experi- 
menters. For  the  rat,  our  data  seem  conclusive.  Habits  are  lost 
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as  a  result  of  occipital  lesion,  without  loss  of  sensitivity  to  the 
stimulus;  are  not  reacquired  spontaneously,  at  least  within  a 
limited  time  (Lashley,  1926) ;  and  are  reacquired  by  retraining. 
This  agrees  with  the  conclusions  of  Munk  as  opposed  to  those 
of  Loeb.  The  loss  of  habits  is  not  necessarily  due  to  the  destruc- 
tion of  Munk's  area  Ai  or  of  any  other  specific  area,  nor  does  it 
seem  to  be  the  result  of  the  interruption  of  association  paths  as 
claimed  by  Bernheimer  and  Monakow. 

The  data  for  the  dog  on  pattern  vision  are  inconclusive,  and 
there  are  no  comparable  experiments  for  the  rat.  None  of  the 
work  on  the  visual  area  of  the  dog  bears  upon  the  question  of 
mass  function.  Hitzig  alone  has  a  sufficient  number  of  cases  for 
statistical  treatment,  but  the  lesions  are  so  incompletely  de- 
scribed that  it  has  been  impossible  to  correlate  the  extent  of 
injury  with  the  histories  of  recovery  from  scotoma  which  he 
gives. 

The  problem  of  intelligence  in  the  dog. — I  have  already  de- 
scribed the  views  of  Flour  ens  (1842),  Goltz  (1881),  Munk 
(1909),  Loeb  (1902),  and  Bianchi  (1922)  on  the  question  of 
the  localization  of  intelligence  (pp.  4-9).  These  views  were 
largely  based  upon  work  with  dogs.  Flourens,  Goltz,  and  Loeb 
maintained  a  participation  of  all  parts  of  the  cortex  in  intelligent 
behavior  without  subordinate  localization  of  contributing  ca- 
pacities. IMunk  denied  special  centers  for  intelligence  but  con- 
sidered it  a  function  of  the  summated  capacities  of  the  sensory 
fields.  Hitzig  and  Bianchi  argue  for  special  centers  serving  for 
the  final  integration  of  the  lower  organization  of  the  sensory 
fields. 

These  studies  are  all  impressionistic  in  character.  No  at- 
tempt was  made  to  express  the  efficiency  of  performance  of  the 
animals  in  quantitative  terms,  and  there  was  rarely  any  compari- 
son of  the  effects  of  lesions  in  different  areas  by  the  same  inves- 
tigator. Serious  deterioration  has  been  reported  after  extensive 
destructions  in  all  parts  of  the  hemispheres;  there  is  no  certain 
evidence  that  it  is  more  severe  after  lesions  to  one  area  than  to 
another,  and  no  clear  distinction  between  sensory  defects  and 
those   of   more   complex   organization.    Several   investigators 
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(Goltz,  Loeb,  Bianchi)  have  stated  that  extensive  lesions  pro- 
duce more  severe  disorders  of  intelligence  than  do  slight,  but 
give  little  objective  evidence  for  the  statement. 

Franz  (1902)  measured  the  efficiency  of  performance  of 
motor  habits  in  cats  and  found  loss  of  habits  after  frontal  lobe 
lesions.  The  animals  formed  the  habits  again  after  the  lesions, 
and  untrained  animals  also  learned  them  after  the  removal  of 
the  frontal  lobes.  Xot  enough  cases  were  used  to  give  reliable 
comparisons,  but  there  is  no  indication  that  the  operated  animals 
learned  more  slowly  than  normals. 

From  studies  of  the  formation  of  conditioned  reflexes  in  dogs 
with  cerebral  lesions  Pavlov  concludes : 

....  what  our  experiments  do  most  emphatically  refute  is  the  doc- 
trine of  special  '"association"'  centers,  or,  more  generally,  of  the  existence 
in  the  hemispheres  of  some  special  area  on  which  the  higher  functions  of 
the  nervous  system  depend — a  doctrine  which  has  already  been  strenuously 
opposed  by  H.  Munk. 

In  so  far  as  they  are  reliable,  the  studies  of  cerebral  function 
in  the  Carnivora  are  not  inconsistent  with  our  results  on  the  rat, 
nor  do  they  indicate  that  there  has  been  any  fundamental  change 
in  the  character  of  cerebral  organization  in  these  supposedly 
higher  forms. 

CEREBRAL  FUNCTION  IN  THE  MONKEY 

Visual  junctions. — Visual  function  in  the  monkey  has  been 
less  extensively  studied  than  in  the  dog.  Normal  vision  is  prob- 
ably not  significantly  different  from  that  of  man  (Johnson, 
1916a;  Watson,  1909).  Munk  (1909)  reported  homonymous 
hemiaopia  after  removal  of  one  occipital  lobe  and  complete 
blindness  after  removal  of  both.  He  concluded  that  the  area  of 
acute  vision  is  projected  upon  the  posterolateral  surface  of  the 
occipital  pole.  Later  investigators  have  confirmed  the  general 
locus  of  the  visual  area  but  have  found  the  symptoms  of  lesion 
within  the  occipital  lobes  less  definite  and  more  evanescent  than 
reported  by  ]Munk.  Schiifer  and  Brown  (1888)  found  that  blind- 
ness occurred  after  occipital  destruction,  but  that  partial  recov- 
ery of  vision  took  place  unless  the  lesion  extended  far  beyond 
the  anatomical  visual  area.  They  found  the  foveal  projection  at 
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the  anterior  end  of  the  calcarine  fissure,  following  their  concep- 
tion of  its  localization  in  man. 

Vitzou  (1897,  1898)  found  blindness  subsequent  to  destruc- 
tion of  the  occipital  lobes  with  recovery  of  ability  to  recognize 
objects  by  sight  after  2-2 1  months.  This  recovery  he  ascribed, 
on  insufficient  evidence,  to  regeneration  of  nervous  tissue  (1897). 
Panici  (1903)  obtained  demonstrable  visual  defects  only  on 
complete  extirpation  of  the  occipital  lobe,  and  permanent  de- 
fects only  after  destruction  of  all  the  cortex  caudad  to  the  fis- 
sure of  Rolando.  Neither  of  these  authors  give  an  adequate 
description  of  the  tests  of  vision  employed  or  of  the  character  of 
the  lesions. 

Bechterew  (1911)  concludes  on  the  basis  of  work  done  in 
his  laboratory  that  the  visual  projection  is  to  the  lateral  surfaces 
of  occipital  lobes.  Franz  (1911),  on  the  other  hand,  found  no 
true  visual  defects  after  destruction  of  the  lateral  occipital  areas. 
In  one  animal,  in  which  most  of  the  areas  surrounding  the  cal- 
carine fissure  were  destroyed,  visual  defects  developed,  but  not 
until  several  days  after  the  operation.  This  animal  was  not  kept 
long  enough  for  a  study  of  recovery. 

From  these  experiments  it  is  not  possible  to  form  any  ade- 
quate conception  of  the  functions  of  the  visual  areas  in  the  mon- 
key. Apparently  visual  defects  of  hemiamblyopic  character  de- 
velop after  extensive  lesions  in  one  occipital  lobe  if  the  mesial 
surface  is  involved,  but  there  is  a  partial  recovery  and  never 
complete  blindness  unless  the  entire  cortex  caudad  to  the  fissure 
of  Rolando  is  removed.  The  tests  of  vision  have  in  no  case  been 
complete  and  varied  enough  to  give  a  clue  to  the  nature  of  the 
partial  defects,  beyond  the  rough  delimitation  of  scotomatous 
areas.  There  is  no  evidence  to  show  whether  or  not  any  scotoma 
involving  less  than  half  of  the  visual  field  is  produced  by  small 
lesions. 

The  problem  of  intelligence. — Only  two  serious  attempts 
have  been  made  to  estimate  the  intelligence  of  monkeys  with 
cerebral  lesions.  I  have  already  cited  the  work  of  Bianchi 
(1922)  as  indicating  a  general  deterioration  following  frontal 
lesions  but  failing  to  control  this  result  with  studies  of  other 
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areas.  Franz  (1907)  reports  the  loss  of  habits  as  a  result  of 
frontal  lesions  with  their  subsequent  reacquisition  at,. probably, 
a  normal  rate:  that  is,  with  no  evidence  of  loss  of  ability  to  learn 
as  a  result  of  frontal  lesions. 

The  available  evidence  is  inadequate  to  show  either  the  as- 
sociation of  intelligent  behavior  with  any  particular  part  of  the 
cortex  or  its  dependence  upon  the  extent  of  the  lesions. 

CORRESPONDENCES  AND  DIFFERENCE  IN  CEREBRAL  FUNCTION  IN 
THE  RAT  AND  MAN 

The  trend  of  much  recent  literature  dealing  with  symptoms 
of  brain  injury  in  man  is  away  from  the  doctrines  of  definite  lo- 
calization of  higher  functions  and  toward  a  psychological  rather 
than  an  anatomical  interpretation  of  the  data.  For  the  simplest 
sensory  processes  the  evidence  for  precision  and  detail  of  locali- 
zation has  perhaps  increased  in  recent  years  (Holmes  and  Lister, 
1916;  Marie  and  Chatelin,  1914-15;  Pieron,  1923),  but  for  all 
the  integrative  functions  of  the  cortex  the  evidence  is  more  and 
more  opposed  to  the  conception  of  a  mosaic  distribution  of  ca- 
pacities. Even  for  the  exact  localization  of  the  simplest  processes 
the  evidence  is  not  altogether  convincing. 

There  are  several  considerations  which  must  make  us  wary 
of  accepting  clinical  literature  at  its  face  value.  Clinical  methods 
for  examining  behavior  have  been  notoriously  defective.  In  the 
older  literature,  which  still  forms  the  foundation  for  our  concep- 
tions of  cerebral  function,  one  rarely  finds  a  statement  of  what 
the  patient  can  do  in  any  field  of  activity.  Rather  there  is  a 
pigeonholing  in  some  one  of  the  formal  categories,  as  transcor- 
tical aphasia,  which  are  logical  rather  than  empirical.  In  the 
whole  literature  of  neurology  there  is  scarcely  an  attempt  to 
measure  the  actual  capacity  of  a  patient  with  brain  injury  to 
perform  such  a  varied  assortment  of  tasks  as  is  included  in  a 
modern  intelligence  test.  The  statement  that  patients  may  suffer 
loss  of  specific  capacities  as  a  result  of  brain  injury  without  some 
general  intellectual  disturbance  thus  lacks  any  adequate  proof. 

The  anatomical  studies  are  in  a  scarcely  better  case  than 
those  of  behavior.  I  know  of  no  attempt  in  the  whole  literature 
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of  neurology  to  determine  what  proportion  of  any  anatomical 
area  was  destroyed  by  a  lesion ;  and  in  many  cases  which  are 
cited  as  evidence  on  the  localization  question,  the  delimitation 
of  the  lesions  is  woefully  inexact.  In  recent  studies,  where  exact 
methods  of  measuring  behavior  have  been  introduced,  it  has  for 
the  most  part  been  impossible  to  determine  the  exact  position  of 
the  lesions  because  of  the  survival  of  the  patients. 

A  third  defect  is  one  of  logical  method.  The  evidence  for 
separate  localization  of  two  functions  is  always  nothing  more 
than  the  survival  of  one  after  a  lesion  which  abolished  the  other. 
The  possibility  of  a  relationship  between  cerebral  mass  or  mass 
of  a  functional  area  and  the  complexity  of  the  acts  possible  casts 
doubt  upon  this  fundamental  assumption  of  the  doctrine  of  lo- 
calization. It  may  be  that  color-vision,  spacial  localization  within 
the  visual  field,  perception  of  depth,  and  other  complex  visual 
functions  which  are  abolished  independently  of  cortical  blind- 
ness may  havj^  a  separate  localization  on  the  cortex;  but  such 
evidence  does  not  establish  the  fact,  for  there  is  also  the  possi- 
bility that  they  may  be  functions  of  the  same  area  working  at  a 
more  complex  level  of  integration,  which  is  disturbed  by  a  small- 
er lesion  than  are  the  more  primitive  functions,  just  as  the  habit 
for  Maze  III  is  disturbed  by  lesions  which  leave  the  habit  for 
Maze  I  unaffected. 

Where  capacities  to  react  to  the  spacial  distribution  of  the 
elements  of  the  stimulus  are  involved,  as  in  visual  or  tactile  sen- 
sitivity, there  is  evidence  for  a  more  or  less  complete  spacial 
representation  of  the  sensory  surface  upon  the  cerebral  cortex; 
but  where  such  spacial  relationships  are  not  involved,  there  is 
no  evidence  for  a  minute  differentiation  of  functional  localiza- 
tion. 

I  shall  not  attempt  to  review  here  the  recent  clinical  findings 
which  support  this  view  but  shall  only  cite  a  few  studies  which 
represent  the  most  thorough  that  have  been  made  with  clinical 
material  and  which  conform  in  many  ways  to  the  results  with  the 
rat.  Kliiver  (1927)  has  recently  summarized  the  studies  of  the 
visual  function  in  relation  to  the  occipital  cortex.  The  evidence 
is  conflicting  but  in  general  emphasizes  the  functional  complex- 
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ity  of  visual  perception  and  the  impossibility  of  reducing  it  to 
any  simple  capacities  which  may  be  separately  localized.  The 
same  non-additive  character  of  cerebral  functions  appears  in  the 
observations  on  disturbances  of  vision  by  Poppelreuter  (191 7), 
Fuchs  (1920),  Gelb  and  Goldstein  (1920),  and  in  the  studies 
of  aphasia  by  Marie  (1906),  Moutier  (1908),  Pick  (1913), 
Monakow  (1905,  1914).  and  Head  (1926).  However  great 
their  contradictions  on  matters  of  detail,  all  point  to  the  essen- 
tially unitary  character  of  apparently  complex  cortical  functions 
and  the  impossibility  of  expressing  them  adequately  either  as 
mosaic  patterns  or  as  aggregations  of  cerebral  reflexes. 

Loss  of  specific  functions  appears  and  is  associated  with 
definitely  localized  lesions,  but  the  functions  lost  partake  more 
of  the  nature  of  intelligence  than  of  the  wholly  specialized  char- 
acter which  it  has  been  customary  to  ascribe  to  them.  They  are 
global,  in  the  sense  of  Marie;  and  although  they  do  not  involve 
equally  all  aspects  of  behavior,  they  do  represent  functions  which 
may  participate  in  a  great  variety  of  activities.  Head  (1926) 
stresses  the  fact  that  the  aphasias  are  not  purely  disturbances 
in  the  use  of  language  but  include  disorders  of  thinking  which 
find  expression  both  in  verbal  and  in  all  other  forms  of  symbolic 
expression. 

Any  form  of  mental  behaviour  is  liable  to  suffer  which  demands  repro- 
duction and  use  of  any  symbol  between  its  initiation  and  fulfilment.  I  do 
not  believe  that  it  is  possible  to  include  within  one  categorical  definition  all 
those  activities  which  experience  shows  to  be  affected;  and  yet,  from  a 
physiological  point  of  view  they  form  a  group  of  defects  as  definite  as  those 
of  sensation. 

Again, 

It  is  impossible  to  find  any  single  term  to  include  all  these  disorders  of 
behaviour,  which  extend  on  the  one  hand  from  mechanical  aptitudes  to  ex- 
ercises in  formal  logic  on  the  other. 

From  a  detailed  examination  of  a  case  of  verbal  aphasia  Bou- 
man  and  Griinbaum  (1925)  conclude. 

Through  all  his  behavior  the  same  type  of  defect  could  be  traced.  This 
is  characterized  by  a  stopping  of  psychic  or  psychomotor  processes  at  a 
primitive  phase  of  normal  development  on  the  way  from  an  amorphous  to- 
tal impression  to  a  differential  unfolding. 
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More  explicitly, 

The  patient  is  not  able  to  hold  in  mind  the  concrete  elements  of  a 
problem  and  at  the  same  time  manipulate  them  in  thought. 

Goldstein  (1924),  basing  his  conclusions  on  studies  of  both  vis- 
ual and  aphasic  defects,  concludes  that,  although  isolated  dis- 
turbances of  simple  sensory  or  motor  functions  may  occur,  in 
any  disturbance  of  the  higher  functions,  there  is  always  a  greater 
or  lesser  involvement  of  the  entire  cortical  organization. 

The  relation  of  these  conclusions  to  the  problem  of  intelli- 
gence is  not  wholly  clear.  Head  denies  that  intelligence  is  spe- 
cifically affected  in  aphasia,  except  in  so  far  as  it  is  dependent 
upon  the  use  of  symbols. 

It  is  not  the  "general  intellectual  capacity"'  which  is  primarily  affected, 
but  the  mechanism  by  which  certain  aspects  of  mental  activity  are  brought 

into  play Behaviour  suffers  in  a  specific  manner:    an  action  can  be 

carried  out  in  one  way  but  not  in  another.  In  so  far  as  these  processes  are 
necessar\'  for  the  perfect  exercise  of  mental  aptitudes,  "general  intelligence" 
undoubtedly  suffers. 

]Moutier,  Bouman  and  Griinbaum,  and  Goldstein,  on  the  con- 
trary, stress  the  global  nature  of  the  disturbances  and  the  in- 
volvement in  aphasia  of  functions  which  are  allied  to,  or  a  part 
of,  general  intelligence. 

\Miatever  the  final  outcome  of  this  problem,  it  is  evident 
that  the  most  careful  recent  studies  of  cerebral  function  in  man 
are  in  the  main  not  opposed  to  our  results  with  the  rat.  In  the 
former  there  is  a  greater  specialization,  but  within  the  special- 
ized areas  there  is  every  indication  of  a  lack  of  specificity  such 
as  we  have  seen  for  the  whole  cortex  and  the  maze  habits  in  the 
rat.  This  non-additive  character  of  complex  functions  is  ex- 
pressed by  Head  (1926)  as  follows: 

No  function  is  '"localized"'  strictly  in  any  part  of  the  cortex  and  no 
form  of  activity,  somatic  or  psychical,  is  built  up  into  a  mosaic  of  elemen- 
tary processes  which  become  evident  when  it  is  disturbed  by  a  lesion  of  the 
brain. 

On  the  other  hand  local  destruction  of  tissue  prevents  the  normal  ful- 
filment of  some  form  of  behaviour  and  the  reaction  which  follows  expresses 
the  response  of  the  organism  as  a  whole  under  these  changed  conditions. 
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Moreover,  the  abnormal  manifestations  can  be  described  only  in  terms  of 
the  act  which  has  been  disturbed,  and  do  not  reveal  the  supposed  elements 
out  of  which  it  has  been  synthesised. 

Further,  it  is  at  least  an  open  question  whether  or  not  the  high- 
est co-ordinations  in  man  are  not  a  function  of  the  entire  cortex 
and  influenced  by  lesions  within  any  area.  Head  almost  alone 
has  attempted  to  measure  the  abilities  of  his  patients.  His  re- 
sults oppose  the  non-specificity  of  the  cortex,  but  his  methods  of 
measurement  are  by  no  means  adequate  to  reveal  any  but  gross 
defects  of  general  intelligence,  if  this  should  exist  as  a  separate 
function.  His  protocols  certainly  indicate  that  some  defect  of  in- 
telligence is  always  involved  in  the  specific  disorders.  Whether 
we  say  that  this  defect  is  primary  or  secondary  depends  largely 
on  whether  our  preconceptions  involve  the  notion  of  intelligence 
as  an  aggregate  or  as  a  general  factor. 

For  the  problem  of  mass  relationships  the  clinical  literature 
is  of  little  value,  for  it  includes  quantitative  data  on  neither  the 
extent  of  destruction  nor  the  degree  of  deterioration.  Neverthe- 
less, there  are  numerous  hints  of  such  a  relationship  in  the  gross- 
er estimates  of  behavior.  Small  lesions,  even  within  sensory 
areas,  are  unattended  by  symptoms.  Bianchi  (1922)  concludes 
that  marked  intellectual  disturbance  after  frontal  lesions  oc- 
curs only  if  the  greater  part  of  the  frontal  lobes  is  involved, 
which  implies  both  a  mass  relationship  and  an  equipotentiality 
of  parts  within  this  area.  Monakow  ( 1914)  likewise  holds  that 
dementia  follows  only  extensive  or  diffuse  degeneration  of  the 
cortex.  Head  says. 

The  deeper  and  wider,  therefore,  the  injury  to  the  cortex  and  underly- 
ing structures,  the  graver  and  more  permanent  is  likely  to  be  the  loss  of 
function ;  but  we  must  never  forget  that  it  has  disturbed  a  highly  organized 
act  and  has  not  removed  a  strictly  definable  anatomical  "center." 

Goldstein  (1923)  mentions  that  with  the  assumption  of  the  func- 
tion of  an  entire  area  by  a  part  of  it  (in  pseudofovea)  there  is 
usually  a  general  reduction  in  the  functional  level  of  efficiency. 

Our  data  on  the  relation  of  the  complexity  of  the  problem  to 
extent  of  lesion  and  difficulty  find  parallels  in  the  clinical  litera- 
ture. Bouman  and  Griinbaum  consider  the  aphasias  as  an  indi- 
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cation  of  cerebral  functioning  at  a  lower  level  of  complexity. 
Goldstein  (1924)  similarly  defines  "amnestic  aphasia."  Head 
states, 

The  dependence  of  the  manifest  defects  on  the  intellectual  difficulty  of 
the  act  to  be  performed  is  one  of  the  most  important  factors  in  the  problem 
of  aphasia.  For  it  is  obvious  that  any  disturbance  of  symbolic  formulation 
and  expression  must  be  looked  for  and  can  be  discovered  soonest,  in  those 
tasks  which  require  the  greatest  expenditure  of  mental  effort  in  this  direc- 
tion. Thus,  since  it  is  harder  to  carry  out  a  test  which  offers  three  possi- 
bilities of  an  erroneous  answer,  than  one  which  demands  a  single  choice,  the 
former  is  the  first  to  suffer  and  is  most  severely  affected  throughout  the 
course  of  the  disorder. 

A  similar  conclusion  is  dravv^n  by  Heidenhain  (1927),  who  finds 
that  the  recognition  of  visual  material  by  subjects  with  occipital 
lesions  is  limited  by  the  complexity  of  the  material. 

This  brief  summary  of  literature  on  other  forms  than  the 
rat  shows  the  similarity  of  problems  which  arise  at  all  levels  of 
complexity  and  the  narrow  limitations  of  our  actual  knowledge 
of  cerebral  mechanisms.  Specialization  of  function  of  different 
parts  of  the  cortex  occurs  in  all  forms,  but  at  best  this  is  only  a 
gross  affair,  involving  general  categories  of  activity  rather  than 
specific  reactions.  The  more  complicated  and  difficult  the  ac- 
tivity, the  less  the  evidence  for  its  limitation  to  any  single  part 
of  the  nervous  system,  and  the  less  the  likelihood  of  its  disinte- 
gration into  subordinate  physiological  elements. 

The  statement  is  often  made,  chiefly  from  studies  of  the  ex- 
citability of  the  motor  cortex,  that  with  ascent  in  the  evolution- 
ary scale  there  is  an  increasing  specialization  and  fineness  of  lo- 
calization within  the  cerebral  cortex.  In  one  respect  only  does 
the  evidence  corroborate  this:  in  the  mammalian  series  the 
higher  forms  have  a  greater  capacity  to  discriminate^  dift'erences 
in  the  spacial  distribution  of  stimuli  on  sensory  surfaces  (skin, 
retina,  organ  of  Corti)  and  a  greater  independence  of  control  of 
motor  segments.  Corresponding  to  this  increased  capacity  for 
spacial  adjustments,  there  is  a  finer  differentiation  within  the 
sensory  and  motor  projection  fields  of  the  cortex.  But.  aside 
from  this  function  of  spacial  orientation,  there  is  little  evidence 
of  a  finer  cortical  differentiation  in  man  than  in  the  rat. 
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The  direct  evidence  on  cerebral  organization  in  the  rat  and 
also  many  results  from  brain  Jesions  in  higher  forms  indicate 
that  there  is  a  correspondence  of  structural  and  functional  dif- 
ferentiation only  between  the  grosser  units  of  anatomy  and  be- 
havior. Some  functions  are  conditioned  only  by  the  cortex  as  a 
whole  and  suffer  qualitatively  similar  defects  after  destruction 
of  the  most  diverse  cortical  fields.  Others  suffer  only  after  le- 
sions within  particular  areas,  but  do  not  show  qualitatively  di- 
verse effects  from  diverse  lesions  within  the  functional  areas. 
Restricted  lesions  result  in  a  reduction  of  efficiency  in  a  wide 
range  of  performance,  and  there  is  a  definite  limit  to  the  possible 
dissociation  of  functions. 

The  hypothesis  of  restricted  conduction-paths  might  be  elab- 
orated to  account  for  such  global  effects  by  the  assumption  that 
each  activity  is  mediated  by  a  multiplicity  of  equivalent  arcs 
traversing  different  parts  of  the  cortex  and  contributing  to  func- 
tional efficiency  by  mutual  facilitation.  The  evidence  presented 
on  pages  129-31  is  opposed  to  such  an  interpretation,  however, 
and,  since  the  assumption  of  equivalent  arcs  is  inadequate  to 
account  for  other  instances  of  independence  of  structure  (see  be- 
low), the  assumption  is  not  justified. 

The  whole  implication  of  the  data  is  that  the  "higher  level" 
integrations  are  not  dependent  upon  localized  structural  differ- 
entiations but  are  a  function  of  some  more  general,  dynamic  or- 
ganization of  the  entire  cerebral  system.  This  conclusion  is 
borne  out  by  evidence  from  other  sources.  In  the  analysis  of  the 
adequate  stimulus  to  many  activities  we  find  a  condition  which 
seems  incompatible  with  any  theory  of  the  determination  of  re- 
action through  localized  structure.  In  the  spinal  reflex  the  ex- 
citation of  a  single  end-organ  or  small  group  of  end-organs  elicits 
a  reaction  which  may  be  specific  for  that  group  of  sensory  end- 
ings, so  that,  in  some  cases,  it  seems  possible  to  establish  a  point- 
for-point  correspondence  between  afferent  and  efferent  fibers,  as 
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in  the  scratch  reflex.  But  this  is  true,  if  ever,  only  in  the  case  of 
the  simplest  reflexes  of  the  spinal  animal.  When  we  turn  to  ac- 
tivities which  we  designate  as  "behavior,"  we  are  unable  to  es- 
tablish a  similar  correspondence. 

Under  the  influence  of  the  reflex  theory  I  attempted,  some 
years  ago,  an  analysis  of  the  instinctive  recognition  of  their 
young  by  birds  (Lashley,  1915)  in  the  hope  of  being  able  to  de- 
termine the  particular  receptor  cells  and  reflex  arcs  whose  ex- 
citation aroused  the  responses.  It  was  speedily  clear  that  the 
adequate  stimulus  could  not  be  expressed  in  any  such  terms  but 
was  a  pattern  which  might  vary  widely  in  detail  and  in  the  end- 
organs  stimulated.  Similar  studies  of  the  sex  behavior  of  the  rat 
(Stone,  1922,  1923)  and  unpublished  work  on  recognition  of  the 
young  in  the  rat  and  the  nursing  reactions  of  kittens  indicate 
clearly  that  the  essential  element  of  the  stimulus  is  not  the  ex- 
citation of  a  pattern  of  specific  sensory  endings  but  the  excita- 
tion of  any  endings  in  a  particular  spacial  or  temporal  pattern. 
A  review  of  the  literature  on  instinct  seems  to  me  to  suggest  that 
the  characteristic  of  instinctive  behavior  as  distinct  from  reflexes 
is  just  this  capacity  to  be  aroused  by  a  pattern  of  excitation,  ir- 
respective of  the  particular  afferent  cells  which  conduct  the 
stimulus. 

The  problem  is  most  clearly  exemplified  in  human  pattern 
vision.  With  the  eye  fixed  and  a  pattern  moved  across  the  field 
of  the  macula,  the  same  reaction  (e.g.,  naming  the  object)  may 
be  elicited  at  any  one  of  a  thousand  points,  no  two  of  which  in- 
volve excitation  of  exactly  the  same  retinal  cells.  To  say  that  a 
specific  habit  has  been  formed  for  each  of  the  possible  positions 
is  preposterous,  for  the  pattern  may  be  one  never  before  experi- 
enced. The  alternative  is  that  the  response  is  determined  by  the 
proportions  of  the  pattern  and,  within  the  limits  of  visual  acuity, 
is  independent  of  the  particular  cells  excited. 

This  means  that,  not  only  on  the  retina,  but  also  in  the  cen- 
tral projection  on  the  cortex,  there  is  a  constant  flux  of  stimula- 
tion such  that  the  same  cells  are  rarely,  if  ever,  twice  excited  by 
the  same  stimulus,  yet  a  constant  reaction  is  produced.  The  ac- 
tivity of  the  visual  cortex  must  resemble  that  of  one  of  the  elec- 
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trie  signs  in  which  a  pattern  of  letters  passes  rapidly  across  a 
stationary  group  of  lamps.  The  structural  pattern  is  fixed,  but 
the  functional  pattern  plays  over  it  without  limitation  to  specific 
elements. 

Examples  of  this  type  of  adequate  stimulation  are  easier  to 
find  than  exceptions.  Weber's  circles  are  the  most  familiar,  but 
all  visual  and  tactual  recognition  of  objects  seems  to  be  of  the 
same  character.  Temporal  patterns  as  well  as  spacial  must  be 
admitted,  as  in  the  recognition  of  a  melody  played  at  different 
tempos  or  in  different  keys.  We  seem  forced  to  the  conclusion 
that  the  final  common  path  may  be  sensitized  to  such  patterns, 
so  that  a  constant  reaction  is  given  to  them,  no  matter  in  what 
part  of  a  cortical  field  they  occur. 

Turning  to  the  motor  reactions  themselves,  we  find  a  closely 
analogous  condition  in  the  functional  equivalence  of  responses, 
where  various  motor  organs  may  be  used  interchangeably  to  pro- 
duce the  same  end-result.  Perhaps  the  most  primitive  instance 
of  this  sort  is  the  innervation  of  supernumerary  limbs  reported 
by  Weiss  (1924)  and  by  Detweiler  (1922  and  1925).  I  have  re- 
ported, cases  of  direct  substitution  of  unpracticed  limbs  in  the 
solution  of  problem  boxes  by  monkeys  (Lashley,  1924a).  A  fa- 
miliar example  is  the  capacity  to  form  letters  of  an  unaccustomed 
size  without  special  practice  for  each  new  combination  of  move- 
ments. The  most  striking  instance  of  the  sort  that  has  come  to 
my  attention  is  that  of  a  student  of  piano  who,  in  the  stress  of  a 
public  recital,  unknowingly  transposed  one-half  tone  upward  an 
entire  movement  of  a  Beethoven  sonata,  a  feat  which  she  had 
never  attempted  before  and  could  not  duplicate  afterward  even 
with  some  practice. 

In  such  cases  of  equivalence  of  response  it  seems  that  al- 
most any  effector  organ  may  be  utilized  in  the  performance  of 
functionally  equivalent  movements.  We  know  nothing  of  the 
mechanism  by  which  the  equivalence  is  initially  established,  but 
it  is  unquestionable  that,  once  it  is  established,  the  substitution 
may  occur  in  a  new  situation  without  the  formation  of  new  hab- 
its specific  for  that  situation (  e.g.,  the  grammatical  use  of  a  new- 
ly acquired  word  in  entirely  new  settings). 
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It  seems  clear  that  there  can  be  no  specific  connections  of 
the  various  available  motor  organs  with  the  central  mechanism 
which  mediates  the  habit.  In  one  of  my  cases  the  left  arm  was 
paralyzed  throughout  the  training  of  the  right  in  a  series  of  com- 
plicated manipulative  movements.  There  was  thus  no  opportu- 
nity for  direct  integration  of  the  final  common  path  of  the  left 
arm  with  the  neural  organization  of  the  habit.  Yet,  on  recovery 
from  paralysis,  the  arm  performed  the  correct  movements  with- 
out practice.  Such  instances  force  the  conclusion  that  the  im- 
pulses to  activity  arising  in  the  higher  centers  are  not  specific 
excitations  of  particular  muscles  but  rather  in  the  nature  of  a 
generalized  impulse  to  movement  in  relation  to  the  orientation 
of  the  body,  which  may  control  equally  well  the  movements  of 
diverse  limbs. 

The  phenomena  of  sensory  recognition  of  ratios,  of  direct 
adaptation  of  unpracticed  motor  organs,  and  of  central  equipo- 
tentiality  and  mass  function  seem  to  me  to  represent,  at  a  simple 
level,  the  same  problem  which  in  more  intricate  form  is  proposed 
by  intelligent  acts.  In  so  far  as  we  can  define  them,  "intelligent 
acts"  are  those  dealing  with  relationships  rather  than  wjth  con- 
crete units.  Insight  consists  of  the  identification  of  two  systems 
of  elements  through  common  relationships  among  their  parts.  It 
is,  I  think,  certain  that  these  relationships  are  not  patterns  of 
identical  elements,  but  are,  rather,  similar  relations  subsisting 
among  dissimilar  elements.  There  is  no  possibility  of  reducing 
association  by  similarity  to  the  excitation  of  the  same  synapses 
or  reflex  arcs.  A  theorem  applied  to  the  solution  of  a  problem  in 
geometry  may  differ  in  every  detail  from  the  statement  of  the 
problem  and  yet  be  immediately  associated  because  of  common 
spacial  relations  involved. 

Neurologically  these  relationships  must  be  in  the  nature  of 
ratios  of  excitation,  patterns  without  a  fixed  anatomical  sub- 
stratum, since  the  sensory  and  motor  elements  of  a  situation  may 
change  fundamentally  without  altering  its  logical  significance. 
We  seem  forced  to  the  conclusion  that  a  final  common  path  may 
somehow  be  sensitized  to  a  pattern  of  excitation  so  that  it  will 
respond  to  this  pattern  in  whatsoever  part  of  the  nervous  tissue 
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it  may  occur.  In  the  simplest  cases  the  relationships  forming 
the  basis  of  reaction  seem  expressible  as  ratios  of  intensity  of 
excitation;  in  others,  as  ratios  of  spacial  extent  or  temporal  dis- 
tribution. The  relationships  involved  in  insight  are  more  diffi- 
cult to  analyze,  but  there  is  in  some  instances  sufficient  similar- 
ity to  cases  of  sensory  discrimination  to  suggest  that  the  basic 
mechanism  must  be  fundamentally  the  same. 

The  problem  of  reaction  to  ratio  thus  seems  to  underlie  all 
phases  of  behavior,  to  such  a  degree  that  we  might  be  justified  in 
saying  that  the  unit  of  neural  organization  is  not  the  reflex  arc 
or  the  system  of  reciprocal  innervation  (Brown.  19 14)  but  is  the 
mechanism,  whatever  be  its  nature,  by  which  reaction  to  a  ratio 
is  produced.  The  question  raised  here  has  not  been  considered 
adequately  in  theories  of  neural  organization,  and  the  current 
doctrines  seem  wholly  unsuited  to  deal  with  it. 

THEORIES  OF  CEREBRAL  LOCALIZATION  NOT  EXPLANATORY 

The  facts  of  localization  of  function,  although  of  considera- 
ble clinical  importance  in  the  location  of  tumors  and  the  like, 
have  been  of  little  value  for  an  understanding  of  the  mechanisms 
of  the  brain.  As  psychologists  we  are  interested  in  such  prob- 
lems as  how  the  isolated  elements  of  speech,  the  separate  tongue, 
laryngeal,  and  respiratory  movements  are  integrated  in  lan- 
guage; how  grammatical  forih  arises  and  words  fall  into  the  lin- 
guistic mold;  how  memories  are  registered  and  recalled;  how  a 
constantly  varying  visual  object  may  arouse  a  constant  reaction; 
how  intelligence  solves  its  problems.  For  these  and  like  ques- 
tions it  is  scarcely  helpful  to  know  that  isolated  movements  may 
be  elicited  by  stimulation  of  the  precentral  gyrus,  that  the  fac- 
ulty of  speech  is  or  is  not  localized  in  Brocca's  area  or  Marie's 
quadrilateral,  that  fibers  of  the  macula  are  projected  upon  the 
occipital  pole,  that  intelligence  suffers  from  lesions  to  the  frontal 
lobes.  If  it  were  shown  conclusively  that  grammatical  form  is 
the  exclusive  function  of  a  particular  area,  that  point-for-point 
correspondence  of  cortex  and  retina  involves  also  a  point-for- 
point  correspondence  of  cortex  and  effector  cells,  as  Loeb  has 
claimed  (1912),  that  lesions  to  postfrontal  areas  do  not  affect 
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intelligence,  there  might  be  a  significant  basis  for  understanding 
of  the  mechanisms,  in  so  far  as  we  might  seek  in  these  areas  a 
differential  structural  basis  for  the  functions;  but  for  all  such 
critical  questions  the  evidence  either  has  been  inconclusive  or 
has  opposed  the  more  simple  and  comprehensible  interpretation. 

Localized  lesions  produce  symptoms  which  vary  with  the 
area  involved,  but  the  character  of  these  symptoms  is  such  as  to 
preclude  anatomical  correlations  significant  for  the  problem  of 
brain  mechanisms.  Localization  as  an  explanatory  principle  can 
progress  in  only  one  way;  by  the  demonstration  of  correspond- 
ences between  ever  more  restricted  anatomical  divisions  and 
smaller  units  of  behavior  until  some  ultimate  anatomical  and 
behavioristic  elements  are  reached — the  old  notion  of  elemen- 
tary ideas  located  in  single  cells  of  the  brain.  But  this  is  clearly 
not  the  principle  of  neural  organization.  When  a  defect  occurs 
from  cerebral  injury,  it  involves  a  whole  constellation  of  activi- 
ties. There  is  not  a  loss  of  a  few  specific  associations,  an  amnesia 
for  a  few  words  and  not  for  others;  rather  there  is  the  loss  of  a 
mode  of  thinking  or  acting,  and  all  processes  belonging  to  the 
class  are  equally  affected  (for  example,  grammatical  form  with- 
out regard  to  specific  verbal  content).  Further,  the  symptoms 
usually  appear  not  as  an  absolute  loss  of  function  but  as  a  great- 
er or  lesser  difficulty  of  performance.  Thus  hemiplegia  may 
improve  temporarily  under  emotidnal  excitement  (Minkowski, 
191 7;  Lashley,  1924a),  and  capacities  for  speech  in  aphasia  may 
vary  from  time  to  time  (Franz,  1915c)  and  with  the  total  set- 
ting or  the  temporary  condition  of  facilitation  (Head,  1926). 

Except  for  the  sensory  and  motor  projection  fields,  where 
a  spacial  distribution  corresponds  to  the  surface  area  of  the  re- 
ceptor or  effector  mechanism,  there  is  little  evidence  for  special- 
ization within  the  grosser  structural  areas.  WTiere  a  fractioning 
of  function  within  such  an  area  appears,  it  seems  probable  that 
this  represents  progressive  stages  in  the  complexity  or  organiza- 
tion of  the  entire  field  rather  than  a  differential  functioning  of 
different  areas.  Thus  the  various  defects  of  color,  form,  and  pat- 
tern vision  have  no  established  connection  with  different  parts  of 
the  visual  cortex  but  seem  rather  to  represent  different  degrees 
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of  disorganization  within  the  same  mechanism.  This  is  indicat- 
ed, for  example,  by  the  successive  steps  in  recovery  from  hem- 
ianopia  recorded  by  Poppelreuter  (1923), 

At  every  turn  in  the  analysis  of  cerebral  localization  of  func- 
tion we  seem  confronted  by  a  problem  similar  to  that  of  maze 
learning  in  the  rat.  A  complex  function  shows  a  decrease  in  effi- 
ciency in  every  part,  and  this  is,  at  least  to  some  extent,  propor- 
tional to  the  magnitude  of  the  lesion  and  is  independent  of  its 
locus  within  a  rather  wide  area.  The  facts  of  localization  give  us 
no  clue  to  the  cerebral  mechanisms  responsible  for  such  a  condi- 
tion. 

THE  REFLEX  THEORY  INADEQUATE 

The  theory  of  the  reflex  was  evolved  to  account  for  the  most 
unintelligent  of  behavior,  the  activities  of  the  "spinal"  animal. 
It  was  first  elaborated  in  the  doctrine  of  chain  reflexes  (Spen- 
cer) as  an  explanation  of  instinct,  at  a  time  when  no  single  in- 
stinct had  been  subjected  to  really  critical  analysis.  More  re- 
cently and  still  more  uncritically  it  has  been  promulgated  by  the 
Russian  objective  school  as  an  adequate  basis  for  explanation  of 
all  behavior.  The  theory  has  the  advantage  of  simplicity  which 
makes  for  its  popularity  as  a  slogan;  but  when  one  is  confronted 
with  the  necessity  of  accounting  for  a  particular  group  of  activi- 
ties, above  the  level  of  the  spinal  reflexes,  in  terms  of  the  reflex 
theory  and  of  working  out  that  account  in  detail,  the  inadequacy 
of  the  theory  becomes  evident. • 

The  chief  difficulty  is  its  implication  of  a  point-for-point  cor- 
respondence in  the  relations  of  receptors,  nerve  cells,  and  effec- 
tors. Not  that  this  is  always  expressed;  but  the  comprehensibili- 
ty  and  explanatory  value  of  the  reflex-arc  hypothesis  lies  in  just 
this  definiteness  of  connections,  which  permits  the*  tracing  of 
nerve  impulses  over  predetermined  paths.  Omit  this  element  of 
restricted  paths  and  the  theory  becomes  nothing  more  than  an 
assertion  of  uniformity  in  the  sequence  of  stimulus  and  response. 
Yet  it  is  this  very  definiteness  which  is  most  difficult  to  har- 

'  I  am  cominp  to  doubt  the  validity  of  the  reflex-arc  hypothesis,  even  as 
applied  to  spinal  reflexes.  There  are  many  indications  that  the  spinal  reflexes  are 
no  more  dependent  upon  isolated  conduction  paths  than  are  cerebral  functions. 
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monize  with  the  problems  of  psychology  and  in  particular  with 
the  behavior  which  we  class  as  ''intelligent."  The  distinguish- 
ing feature  of  the  reactions  which  we  designate  as  "behavior"  in 
contradistinction  to  reflex  is  that  they  are  not  conditioned  by  the 
excitation  of  specific  limited  receptors  or  by  stereotyped  central 
mechanisms  but  involve  features  of  plasticity  which  have  never 
been  expressed  in  terms  of  the  reflex  theory  and  which  imply,  as 
we  have  seen,  an  independence  of  specifically  differentiated  con- 
duction paths. 

DYNAMIC  THEORIES 

The  fluctuations  of  function  in  the  cerebral  paralyses  and 
the  aphasias,  giving  the  impression  of  variation  in  the  ease  of 
performance  of  the  activities  involved,  the  dependence  of  learn- 
ing of  certain  types,  of  retention,  and  of  efficiency  of  perform- 
ance upon  cerebral  mass,  and  the  normal  fluctuations  in  efficien- 
cy with  changes  of  tonus  and  of  general  health  point  to  some 
non-specific  quantitative  element  in  cerebral  function  which  con- 
tributes to  the  facility  of  performance  without  determining  the 
particular  pattern  of  integration.  The  problem  has  been  ex- 
pressed by  the  statement  that  the  energy  available  for  the  reac- 
tions may  be  inadequate  although  the  nervous  patterns  of  inte- 
gration are  retained.  The  older  neurological  literature  is  filled 
with  references  to  "nervous  energy,"  as  the  psychological  is  with 
"mental  energy";  but  few  attempts  were  made  to  understand  its 
nature. 

One  of  the  earlier  theories,  and  by  far  the  most  elaborate 
one,  on  the  nature  of  nervous  energy  is  that  of  IMcDougall 
(1903).  He  postulated  a  special  kind  of  energy  (neurin)  asso- 
ciated with  the  activity  of  the  nervous  system,  capable  of  storage 
in  reserve,  of  drainage  through  open  synapses,  and  of  diversion 
into  any  one  of  a  number  of  channels  to  facilitate  various  activ- 
ities. The  theory  has  much  to  recommend  it  as  an  interpretation 
of  psychological  data  but  seems  flatly  contradicted  by  more  re- 
cent data  upon  the  nature  of  the  propagated  disturbance  in  the 
nerve  fiber. 

Ebbecke  J^i9)  has  developed  a  theory  of  nervous  energy 
based  upon  the  assumption  of  a  capacity  of  nerve  and  body  cells 
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to  maintain  an  excitation  imposed  upon  them  and  to  determine 
the  general  level  of  nervous  excitation  by  a  process  of  irradia- 
tion. 

Pieron  (1923)  stresses  two  possible  mechanisms  by  which 
local  injuries  may  produce  general  symptoms  independent  of  the 
site  of  the  injury.  He  considers  the  more  important  of  these  to 
be  general  interference  with  the  metabolism  of  the  neurons  such 
that  their  energy  of  discharge  or  their  capacity  to  recover  from 
fatigue  is  reduced.  He  recognizes  also  the  possibility  of  a  direct 
reduction  of  nervous  energy  by  a  restricted  lesion,  in  that  com- 
plex mental  operations  involve  a  multiplicity  of  elements  in  all 
parts  of  the  brain,  having  diverse  functions  but  contributing  to 
the  efficiency  of  the  total  operation,  and  the  destruction  of  any 
of  these  may  reduce  the  number  of  mechanisms  available  for  the 
whole  process;  but  he  regards  this  as  a  relatively  minor  factor  in 
the  production  of  general  symptoms. 

Our  data  do  not  accord  well  with  either  of  these  alternatives. 
In  the  first  place,  we  have  seen  that  the  reduction  in  capacity  for 
learning  subsequent  to  extensive  lesions  is  permanent,  and  there 
is  no  reason  to  believe  that  the  metabolism  of  cells  remote  from 
a  lesion  can  be  permanently  affected  by  the  lesion.-  The  failure 
to  discover  qualitative  diversities  in  learning  corresponding  to 
diverse  loci  of  injury  is  likewise  difficult  to  harmonize  with  the 
theory  that  reduction  of  efficiency  is  due  to  the  dropping-out  of 
some  elements  from  a  complex  series. 

Head's  conception  of  "vigilance"  (1923)  represents  a  for- 
mulation of  the  problem  similar  to  that  of  Pieron.  He  points  out 
the  simplification  of  behavior  in  trauma,  anesthesia,  and  the  like. 
Under  the  influence  of  chloroform  the  automatic  centers  "do  not 
cease  entirely  to  function,  but  the  vigilance  necessary  for  the 

'  In  cases  which  have  survived  operation  for  several  months,  the  cortex, 
even  at  the  edge  of  the  lesion,  is  often  perfectly  normal  in  appearance,  without 
evidence  of  shrinkage  or  changes  in  cellular  appearance.  I  have  often  been  im- 
pressed by  the  absence  of  general  symptoms  where  metabolic  disturbance  is  most 
to  be  expected.  Thus,  in  an  animal  which  died  during  a  recent  experiment,  the 
entire  right  hemisphere  was  found  to  have  been  replaced  by  a  purulent  cyst,  and 
the  left  was  so  softened  as  to  be  removed  with  difficulty  from  the  cranium ;  yet 
on  the  day  of  his  death  this  animal  made  a  perfect  record  in  a  difficult  discrimi- 
nation problem. 
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performance  of  their  high-grade  activities  has  been  abolished  by 
the  fall  of  neural  potency."  Head  nowhere  defines  or  attempts 
an  explanation  of  differences  in  "neural  potency,"  which  is  the 
critical  point  in  his  theory,  nor  does  he  seek  to  show  how  a  lo- 
calized lesion  can  modify  vigilance,  so  that,  for  an  understanding 
of  our  problem,  the  concept  seems  rather  sterile. 

The  doctrines  of  nervous  energy,  as  derived  by  analogy  with 
forms  of  physical  energy,  seem  precluded  by  what  we  know  of 
the  nature  of  nerve  conduction.  If,  as  seems  probable  from 
studies  of  the  refractory  period  of  nerve,  the  response  of  the 
neuron  is  momentary  and  is  followed  by  a  quick  return  to  the 
resting  state  after  every  excitation,  there  can  be  no  general  fund 
of  nervous  energy  capable  of  accumulation  and  diversion  into 
various  activities.  Adrian  (1923)  has  pointed  out  the  limitations 
to  theories  of  nervous  energy  which  are  set  by  the  "all-or-noth- 
ing" law,  and  his  arguments  seem  conclusive.  Nevertheless,  so 
many  facts  of  behavior  point  to  some  more  general  dynamic  or- 
ganization that  we  cannot  escape  the  problem.  Pike  (1918)  has 
sketched  a  theory,  based  upon  the  number  of  fibers  excited, 
which  seeks  to  avoid  the  difficulty  raised  by  the  "all-or-nothing" 
law;  but  he  does  not  elaborate  the  hypothesis  sufficiently  to  per- 
mit its  application  to  special  problems  of  cortical  facilitation. 

Theories  of  nervous  energy  are  in  general  opposed  to  theo- 
ries of  localization.  They  fit  better  the  facts  of  plasticity  of 
nervous  function,  but  are  of  little  help  for  an  understanding  of 
specific  integrations.  Reflex  theories  deal  more  adequately  with 
the  latter  but  provide  no  insight  into  the  mechanisms  producing 
the  less  stereotyped  forms  of  behavior.  None  of  the  existing 
theories  can  be  applied  helpfully  to  our  problems  of  mass  func- 
tion or  equivalence  in  the  sensory  and  motor  fields. 

SUGGESTIONS  TOWARD  A  THEORY  OF  NEURAL  ORGANIZATION 

The  facts  which  give  the  chief  difficulty  to  the  existing  theo- 
ries may  be  grouped  into  four  categories :  ( i )  the  determination 
of  reactions  by  patterns  or  ratios  of  excitation  imposed  upon 
varying  anatomical  elements  (with  this  must  be  included  the 
equipotentiality  of  cerebral  areas  and  association  tracts);  (2) 
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the  apparent  disturbances  of  equilibrium  among  the  parts  of  the 
central  nervous  system  without  specific  losses  of  function,  as  in 
the  occurrence  of  more-pronounced  symptoms  from  unilateral 
lesions  to  the  cerebellum,  corpus  striatum,  etc.,  than  from  bilat- 
eral lesions;  {t,)  the  dependence  of  efficiency  in  learning  and  re- 
tention and,  less  certainly,  of  ease  of  performance  upon  the 
quantity  of  functional  tissue;  and  (4)  the  seeming  limitation  of 
the  possible  complexity  of  organization  by  the  total  quantity  of 
nervous  tissue.  These  phenomena  all  point  to  a  functional  or- 
ganization independent  of  differentiated  structure  and  to  some 
more-general  energy  relations  within  the  central  nervous  system. 
Whether  they  are  all  expressions  of  some  common  fundamental 
mechanism  or  indications  of  diverse  processes  is  not  yet  clear, 
but  the  former  seems  probable  since  we  can  find  analogous  prob- 
lems in  organic  behavior  at  various  levels. 

In  the  processes  of  growth  and  regeneration  we  meet  the 
same  problems  of  determination  of  specific  reactions  (differen- 
tiation) by  the  interrelations  of  parts  and  by  the  total  mass  of 
tissue,  the  establishment  of  equilibrated  systems,  and  the  limi- 
tation of  complexity  of  differentiation  by  the  mass  of  tissue.  The 
parallel  is  so  close  that,  I  believe,  we  may  turn  to  the  phenomena 
of  morphogenesis  for  a  clue  to  neural  organization. 

The  mystery  of  equipotential  systems  and  of  self -differen- 
tiation in  development  has  been  somewhat  cleared  up  by  the  dis-    \y. 
covery  of  axial  polarization  and  the  action  of  physiological  gra- 
dients in  determining  the  details  of  growth. 

The  importance  of  gradient  systems  in  the  control  of  growth 
and  integration  of  the  nervous  system  during  embryonal  life  has 
been  brought  out  by  the  studies  of  Kappers  (191 7)  and  Child 
(1924).  The  course  of  development  seems  to  involve  an  ever  in- 
creasing complexity  of  interacting  gradient  systems,  becoming 
more  delicately  balanced  and  plastic  with  each  step  in  struc- 
tural dift'erentiation.  It  would  be  strange  if  these  mechanisms, 
which  contribute  so  largely  to  structural  organization,  should 
cease  to  function  with  the  completion  of  gross  development. 
Rather  we  should  expect  to  find  them  assuming  a  role  of  greatest 
importance  in  co-ordinating  the  activities  of  the  matured  organ- 
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ism.  Direct  experimental  evidence  of  their  existence  and  func- 
tion in  nervous  integration  is  lacking,  but  the  many  similarities 
of  the  problems  of  morphogenesis  and  behavior  must  incline  us 
to  seek  a  common  solution. 

The  problem  of  reaction  to  relations  seems  to  resolve  into 
that  of  the  responsiveness  of  the  final  common  path  to  ratios  of 
excitation  or  to  a  gradient  of  excitation  between  two  or  more  ad- 
jacent neurological  fields.  A  differential  response  to  the  relative 
positions  of  two  visual  stimuli  of  unequal  intensity,  seen  at  vary- 
ing distances  and  with  varying  points  of  fixation,  will  serve  as  a 
relatively  simple  illustration.  For  such  a  case  we  can  postulate  a 
mechanism  which  will  meet  the  necessary  conditions  for  reac- 
tion to  ratio  of  excitation  without  dependence  upon  particular 
cellular  connections.  For  this  we  must  make  the  following  as- 
sumptions: (i)  The  excitation  of  a  center  results  in  the  estab- 
lishment of  a  potential  difference  between  that  center  and  other 
neural  aggregates.  This  assumption  has  already  been  recognized 
as  probable  in  the  widely  accepted  theory  of  neurobiotaxis 
(Kappers,  1917).  (2)  The  excitation  of  a  nerve  cell  is  condi- 
tioned by  the  intensity  or  direction  of  current  in  the  electric  field 
within  which  it  lies.  We  know  that  metabolic  rate,  growth,  and 
motility  are  influenced  in  this  way,  and  we  have  reason  to  be- 
lieve that  excitability  is  a  function  of  the  permeability  of  mem- 
branes upon  which  the  rate  of  metabolism  also  depends.  (3)  The 
spacial  distribution  of  potential  differences  within  the  nervous 
system  corresponds  somewhat  to  the  distribution  of  excitation 
upon  the  receptor  surfaces.  The  medullation  of  the  fibers  in- 
volved in  more  finely  integrated  activities  provides  an  insulation 
(Kappers)  against  the  spread  of  current  except  at  certain  cru- 
cial surfaces  where  medullation  is  absent,  as  in  the  cerebral 
cortex. 

Applying  these  postulates  to  the  problem  of  a  discrimination 
reaction,  we  may  assume  that  a  given  ratio  of  stimulus  intensi- 
ties on  two  peripheral  points  establishes  a  potential  difference 
between  two  corresponding  points  in  the  cortex.  The  direction 
of  polarization  and  the  steepness  of  gradient  will  remain  con- 
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slant  in  spite  of  considerable  alterations  in  the  absolute  posi- 
tions of  the  centers  of  excitation.  Cells  subject  to  the  influence 
of  this  system  will  have  their  excitability  modified  in  a  constant 
direction  so  long  as  the  properties  of  the  gradient  field  are  con- 
stant. 

The  point  is  developed  in  closer  application  to  the  problem 
in  Figure  ^^.  R  and  L  represent  final  common  paths  mediating 
a  turn  to  the  right  or  left,  respectively.  S  is  a  source  of  general 
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Fig.  33. — Diagram  to  illustrate  the  problem  of  reaction  to  ratio.  For  explana- 
tion, see  text. 

excitation  aroused  by  the  problem  situation  and  capable  of  ex- 
citing either  R  or  L.  P,  P' ,  P"  represent  variable  positions  of  an 
area  of  maximal  excitation  aroused  by  one  element  of  the  visual 
pair  to  be  discriminated;  and  N,  N',  N" ,  corresponding  posi- 
tions of  a  center  of  lesser  excitation  aroused  by  the  other.  The 
polarization  of  the  field  arising  from  the  difference  in  potential 
of  P  and  .V  remains  essentially  the  same  with  respect  to  R  and 
L  whether  the  maximal  excitation  occurs  at  P,  P,"  or  any  in- 
tervening point,  and  is  unaltered  by  the  partial  blocking  of  the 
intervening  conducting  tissue  at  a  or  b.  If  the  excitability  of  R 
and  L  is  modified  by  any  property  of  the  field  which  differs  for 
their  two  positions,  the  field,  intensified  by  the  reciprocal  rela- 
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tions  of  the  pair,  may  cause  the  activation  by  5  of  one  and  not 
the  other,  and  thus  a  reaction  to  the  relative  position  and  in- 
tensity of  the  stimuli.  Reversal  of  the  relative  intensities  of  the 
stimuli  will  reverse  the  potential  difference  of  P  and  N  and  result 
in  the  activation  of  the  other  member  of  the  reciprocal  pair. 

There  are  many  objections  to  the  hypothesis  in  this  form. 
It  implies  a  simple  spacial  distribution  of  potential  differences 
which  is  difficult  to  harmonize  with  the  structural  complexity  of 
the  cortex.  It  does  not  take  into  adequate  account  the  facts  of 
conduction  in  medullated  nerve  fibers.  It  gives,  in  itself,  no  clue 
to  the  nature  of  more  complex  patterns.  It  is  unsubstantiated  by 
any  direct  evidence. 

In  reply  to  these  objections  it  may  be  pointed  out  that  the 
arrangement  of  the  gray  matter  is  such  as  to  favor  the  action  of 
a  mechanism  like  that  postulated.  The  structures  to  which  we 
ascribe  the  function  of  integration  are  generally  arranged  in  thin 
sheets  widely  separated.  Within  these  the  neurons  are  unpro- 
tected by  medullary  sheaths  and  are  therefore  more  susceptible 
to  diffuse  chemical  or  physical  agents.  The  theories  of  integra- 
tion by  the  temporal  distribution  of  nerve  impulses  assume  va- 
riations in  permeability  as  one  factor  in  inhibition  and  facilita- 
tion, and  this  hypothesis  assumes  only  an  additional  diffuse 
factor  conditioning  this  permeability.  These,  of  course,  are  post 
hoc  arguments  and  show  only  that  the  hypothesis  is  not  preclud- 
ed by  such  facts. 

It  is  possible  to  elaborate  the  hypothesis  to  deal  with  more 
complex  problems.  The  relation  between  efficiency  of  perform- 
ance and  mass  of  tissue  implies  some  sort  of  general  facilitation. 
There  is  some  indication  that  activation  of  a  habit  involves  also 
a  partial  activation  or  increase  in  central  tonus  of  all  closely  re- 
lated habit-systems,  with  the  possibility  of  mutual  facilitation 
and  the  determination  of  the  general  level  of  activity  by  the  to- 
tal mass  of  excitation.  The  concept  involved  here  is  similar  to 
that  which  I  have  developed  in  greater  detail  in  relation  to  the 
functions  of  the  precentral  gyrus  (Lashley,  1924a). 

The  limitation  of  complexity  of  behavior  by  the  quantity  of 
tissue  finds  a  parallel  in  cases  of  regeneration  of  radial  forms 
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(Hydra),  where  the  number  of  regenerated  segments  is  deter- 
mined by  the  size  of  the  regenerating  piece.  This  suggests  that 
the  number  of  co-existing  potential  fields  may  somehow  be  lim- 
ited by  the  total  mass;  and,  although  it  does  not  reveal  the  mech- 
anism, it  brings  our  data  on  the  relation  of  the  extent  of  lesion  to 
the  complexity  of  the  problems  learned  into  relation  with  the 
general  hypothesis. 

To  deal  with  specific  problems  of  complex  behavior,  many 
phases  of  neural  function  must  be  considered:  the  elaborate  or- 
ganization of  postural  reflexes,  the  partial  activation  of  reaction 
systems  making  possible  differential  timing  of  actions,  the  inter- 
play of  rhythmic  activities,  the  relations  of  emotional  facilita- 
tion to  emphasis  and  the  temporal  ordering  of  reactions,  as  well  as 
the  possibility  of  complex  patterns  of  potential  differences  (such 
as  can  be  demonstrated  in  the  growing  embryo).  By  appealing 
to  mechanisms  of  this  sort,  it  is  possible  to  give  a  sketchy  but 
fairly  plausible  account  of  even  such  complex  processes  as  the 
determination  of  grammatical  form,  but  it  is  likewise  futile  until 
we  have  clearer  evidence  concerning  the  fundamental  assump- 
tions. 

I  have  not  suggested  this  hypothesis  as  a  picture  of  the  ac- 
tual processes  in  the  central  nervous  system  but  only  as  an  illus- 
tration of  the  direction  in  which  the  facts  of  neural  plasticity 
seem  to  force  our  speculations.  There  is  as  yet  no  clue  to  the  na- 
ture of  the  dynamic  forces  in  nervous  activity.  It  seems  impos- 
sible to  deal  with  them  solely  in  terms  of  the  propagated  dis- 
turbances in  nerve  fibers;  but  their  action  may  be  electrical  or 
electrochemical,  diffuse  or  conducted  through  the  nervous  net- 
work, continuous  or  intermittent.  They  may  act  as  an  accessory 
to  the  anatomically  restricted  reflex  functions,  modifying  the 
conductivity  for  nerve  impulses;  or  they  may  constitute  the  sole 
basis  of  nervous  integration,  giving  the  illusion  of  deiiniteness  of 
structural  connection  where  the  conditions  of  their  activity  are 
simple. 

Once  we  recognize  the  pressing  need  for  an  investigation  in 
this  direction,  it  should  not  be  difficult  to  devise  methods  for 
testing  the  validity  of  such  hypotheses,  through  the  application 


172  INTELLIGENCE  AND  THE  BRAIN 

of  electrical  measuring  devices,  chemical  indicators,  and  the 
like.  At  present  it  seems  fairly  certain  only  that  the  facts  of 
plasticity  of  behavior  compel  the  assumption  of  such  forces,  in- 
dependent of  pre-established  conduction  paths,  and  showing 
some,  at  least,  of  the  properties  of  gradient  systems. 

It  is  obvious  that  the  view  of  nervous  functioning  presented 
here  does  not  give  us  the  simple  lucid  explanations  possible  with 
the  reflex  hypothesis.  But  this  lucidity  has  been  achieved  at  the 
sacrifice  of  truth,  and  it  seems  better  to  admit  ignorance  and  to 
/  be  guilty  of  vagueness  rather  than  to  blind  ourselves  to  signifi- 

cant problems. 

IMPLICATIONS  OF  THE  DATA  FOR  THEORIES  OF  INTELLIGENCE 

The  doctrine  of  isolated  reflex  conduction  has  been  widely 
influential  in  shaping  current  psychological  theories.  Its  as- 
sumptions that  reactions  are  determined  by  local  conditions  in 
limited  groups  of  neurons,  that  learning  consists  of  the  modifi- 
cation of  resistance  in  isolated  synapses,  that  retention  is  the 
persistence  of  such  modified  conditions,  all  make  for  a  concep- 
tion of  behavior  as  rigidly  departmentalized.  Efficiency  in  any 
activity  must  depend  upon  the  specific  efficiency  of  the  systems 
involved;  and,  since  the  condition  of  one  synapse  cannot  influ- 
ence that  of  others,  there  must  be  as  many  diverse  capacities  as 
there  are  independent  reflex  systems. 

The  effects  of  such  a  theory  can  be  traced  in  many  present- 
day  beliefs.  If  learning  is  restricted  to  particular  synapses,  there 
can  be  no  influence  of  training  upon  other  activities  than  those 
actually  practiced;  any  improvement  in  unpracticed  functions 
must  be  the  result  of  nervous  connections  which  they  have  in 
common  with  the  practiced  activities.  The  rejection  of  doctrines 
nMormal  discipline  seepts  to  have  been  based  far  more  npnn 
such  reasoning  than  upon  any  convincing  experiment 
dence. 


The  doctrine  of  identical  elements  has  been  applied  also  to 
the  problem  of  insight.  When  similarities  between  two  situa- 
tions are  recognized,  it  is  because  both  call  out  a  basic  set  of  re- 
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actions  involving  identical  reflex  paths.  Thus  the  application  of 
past  habits  to  new  situations  is  limited  to  those  in  which  an  iden- 
tity of  elements  can  exist;  all  other  adaptive  behavior  must  be 
explained  by  the  selection  of  random  activities. 

There  is  no  evidence  to  support  this  belief  in  identity  of 
nervous  elements.  On  the  contrary,  it  is  very  doubtful  if  the 
same  neurons  or  synapses  are  involved  even  in  two  similar  reac- 
tions to  the  same  stimulus.  Our  data  seem  to  prove  that  the 
structural  elements  are  relatively  unimportant  for  integration 
and  that  the  common  elements  must  be  some  sort  of  dynamic 
patterns,  determined  by  the  relations  or  ratios  among  the  parts 
of  the  system  and  not  by  the  specific  neurons  activated.  If  this 
be  true,  we  cannot,  on  the  basis  of  our  present  knowledge  of  the 
nervous  system,  set  any  limit  to  the  kinds  or  amount  of  transfer 
possible  or  to  the  sort  of  relations  which  may  be  directly  recog- 
nized. 

The  theory  of  intelligence  as  an  additive  function  dates  from 
faculty  psychology,  but  it  has  gained  support  from  theories  of 
localization  and  reflex  structure.  These  provide  no  mechanism 
by  which  a  general  capacity  could  function,  other  than  by  modi- 
fying the  general  nutritional  level  of  the  neurons.  The  results  of 
the  present  experiments  lend  support  to  the  theory  which  con- 
ceives intelligence  as  a  general  capacity,  in  the  same  measure 
that  they  oppose  theories  of  restricted  reflex  conduction.  The 
capacity  to  form  and  to  retain  a  variety  of  maze  habits  and  other 
less  well-defined  habits  seems  relatively  constant  for  each  indi- 
vidual, dependent  upon  the  absolute  quantity  of  cortical  tissue 
functional  and  independent  of  any  qualitative  differentiation  of 
the  cortex  or  sensorimotor  peculiarities  of  the  problems  solved. 
There  is  an  indication  that  difficult  tasks  become  disproportion- 
ately more  difficult  with  decreased  cerebral  efficiency.  Such  facts 
can  only  be  interpreted  as  indicating  the  existence  of  some  dy- 
namic function  of  the  cortex  which  is  not  differentiated  with  re- 
spect to  single  capacities  but  is  generally  effective  for  a  number 
to  which  identical  neural  elements  cannot  be  ascribed.  In  this 
there  is  close  harmony  with  theories  of  a  general  factor  deter- 
mining efficiency  in  a  variety  of  activities.  The  diverse  results 
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obtained  in  the  studies  of  problem  boxes  and  brightness  discrim- 
ination show  that  this  factor  is  not  universally  effective.  I  have 
pointed  out  the  probable  psychological  simplicity  of  these  prob- 
lems and  have  cited  experiments  in  progress  which  suggest  that 
when  their  complexity  is  increased  they  likewise  reveal  at  least 
the  severer  grades  of  deterioration.  If  this  is  substantiated,  it 
will  indicate  that  the  participation  of  the  general  factor  is  deter- 
mined by  the  complexity  of  the  functions  and  is  independent  of 
their  qualitative  diversities. 


SUMMARY       ' 

The  influence  of  the  extent  of  cerebral  destruction  in  the  rat 
was  tested  for  a  variety  of  functions,  including  retention  of  maze 
habits  formed  before  cerebral  insult,  and  learning  and  retention 
of  several  habits  after  the  insult.  The  results  may  be  summa- 
rized as  follows: 

1.  The  capacity  to  form  maze  habits  is  reduced  by  destruc- 
tion of  cerebral  tissue. 

2.  The  reduction  is  roughly  proportional  to  the  amount  of 
destruction. 

3.  The  same  retardation  in  learning  is  produced  by  equal 
amounts  of  destruction  in  any  of  the  cyto-architectural  fields. 
Hence  the  capacity  to  learn  the  maze  is  dependent  upon  the 
amount  of  functional  cortical  tissue  and  not  upon  its  anatomical 
specialization. 

4.  Additional  evidence  is  presented  to  show  that  the  inter- 
ruption of  association  or  projection  paths  produces  little  disturb- 
ance of  behavior,  so  long  as  cortical  areas  supplied  by  them  re- 
main in  some  functional  connection  with  the  rest  of  the  nervous 
system. 

y   5.  The  more  complex  the  problem  to  be  learned,  the  greater 
the  retardation  produced  by  any  given  extent  of  lesion. 

6.  The  capacity  to  form  simple  habits  of  sensory  discrimi- 
nation is  not  significantly  reduced  by  cerebral  lesions,  even  when 
the  entire  sensory  field  is  destroyed. 

7.  This  immunity  is  probably  due  to  the  relative  simplicity 
of  such  habits. 

8.  The  capacity  to  retain  is  reduced,  as  is  the  capacity  to 
learn. 

9.  The  maze  habit,  formed  before  cerebral  insult,  is  dis- 
turbed by  lesions  in  any  part  of  the  cortex.  The  amount  of  re- 
duction in  efficiency  of  performance  is  proportional  to  the  extent 
of  injury  and  is  independent  of  locus. 

10.  Reduction  in  ability  to  learn  the  maze  is  accompanied 
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by  many  other  disturbances  of  behavior,  which  cannot  be  stated 
quantitatively  but  which  give  a  picture  of  general  inadequacy  in 
adaptive  behavior. 

1 1 .  No  difference  in  behavior  in  maze  situations  could  be  de- 
tected after  lesions  in  different  cerebral  areas,  and  the  retarda- 
tion in  learning  is  not  referable  to  any  sensory  defects. 

12,  A  review  of  the  hterature  on  cerebral  function  in  other 
mammals,  including  man,  indicates  that,  in  spite  of  the  greater 
specialization  of  cerebral  areas  in  the  higher  forms,  the  problems 
of  cerebral  function  are  not  greatly  different  from  those  raised  by 
experiments  with  the  rat. 

From  these  facts  the  following  inferences  are  drawn: 

1.  The  learning  process  and  the  retention  of  habits  are  not 
dependent  upon  any  finely  localized  structural  changes  within 
the  cerebral  cortex.  The  results  are  incompatible  with  theories 
of  learning  by  changes  in  synaptic  structure,  or  with  any  theories 
which  assume  that  particular  neural  integrations  are  dependent 
upon  definite  anatomical  paths  specialized  for  them.  Integration 
cannot  be  expressed  in  terms  of  connections  between  specific 
neurons. 

2.  The  contribution  of  the  different  parts  of  a  specialized 
area  or  of  the  whole  cortex,  in  the  case  of  non-localized  func- 
tions, is  qualitatively  the  same.  There  is  not  a  summation  of  di- 
verse functions,  but  a  non-specialized  dynamic  function  of  the 
tissue  as  a  whole. 

3.  Analysis  of  the  maze  habit  indicates  that  its  formation  in- 
volves processes  which  are  characteristic  of  intelligent  behavior. 
Hence  the  results  for  the  rat  are  generalized  for  cerebral  func- 
tion in  intelligence.  Data  on  dementia  in  man  are  suggestive  of 
conditions  similar  to  those  found  after  cerebral  injury  in  the  rat. 

4.  The  mechanisms  of  integration  are  to  be  sought  in  the 
dynamic  relations  among  the  parts  of  the  nervous  system  rather 
than  in  details  of  structural  differentiation.  Suggestions  toward 
a  theory  of  the  nature  of  these  forces  are  presented. 


BIBLIOGRAPHY 

Adrian,  E.  D.    1923.    "The  Conception  of  Nervous  and  Mental  Energy," 

Brit.  Jour.  Psychol.,  Gen.  Sec,  XIV,  121-25. 
Bechterew.  W.  vox.    191 1.  Die  Fwiktionen  der  Nervejicentra  (Jena). 
Bernheimer.  St.   1900.  "Die  corticalen  Sehcentren,"  Wien.  klin.  Wochen- 

sclir.,  XIII  Jahrg.,  955-63- 
BiANCHi,  L.    1S94.   "The  Functions  of  the  Frontal  Lobes,"  Brain,  XVIII, 

497-522. 
.   1922.   The  Mechanism  of  the  Brain  and  the  Function  of  the  Fron- 


tal Lobes  (Edinburgh). 
Bolton,  J.  S.    1903a.   "The  Function  of  the  Frontal  Lobes,"  Brain,  XXVI, 

215-41. 
.    19036.   "The  Histological  Basis  of  Amentia  and  Dementia,"  Arch. 

of  Neurol.,  London  County  Asylum,  II,  4^4-620. 
.    1914.  The  Brain  in  Health  and  Disease  (London). 


BcuMAN,  L..  und  Grunbaum.  A.  A.   1925.  "Experimentelle-psychologische 

Untersuchungen  zur  Aphasie  und  Paraphasie,"  Zschr.  f.  d.  ges.  Neurol. 

u.  Psychiat.,  XCVI,  481-538. 
Broadbent,  W.  H.    1872.    "On  the  Cerebral  Mechanism  of  Speech  and 

Thought,"  Trails.  Roy.  Med.  Chir.  Soc,  LV,  145-94. 
Brown,  T.  G.    1914.   "On  the  Nature  of  the  Fundamental  Activity  of  the 

Nervous  Centers,"  Jour.  Physiol.,  XLVIII.  18-46. 
Cameron,  N.   1928.  "Cerebral  Destruction  in  Its  Relation  to  Maze  Learn- 
ing," Psychol.  Mono.,  XXXIX,  No.  i,  1-68. 
Carr,  H.  a.    191 7.    "The  Alternation  Problem.    A  Preliminary  Study," 

Jour.  Animal  Behavior,  VII,  365-84. 
Carr,  H.  A.,  and  Watson,  J.  B.    190S.   "Orientation  in  the  White  Rat," 

Jour.  Comp.  Neurol,  and  Psychol.,  XVIII,  27-44. 
Chievitz,  J.  H.    1S91.    "Uber  das  Vorkommen  der  Area  centralis  retinae 

in  den  vier  hoheren  Wirbelthierklassen,"  Arch.  f.  Anat.  u.  Entw.,  pp. 

311-34- 
Child,  C.  M.  1924.  Physiological  Foundations  of  Behavior  (New  York). 
Detweiler,  S.  R.   1922.   "Experiments  on  the  Transplantation  of  Limbs  in 

Amblystoma,"  Jour.  Exp.  Zool.,  XXXV,  115-62. 
.    1925.   "Co-ordinated  Movements  in  Supernumerary  Transplanted 

Limbs,"  Jour.  Comp.  Neurol.,  XXXVIII,  461-93. 
Donaldson,  H.   1924.   "The  Rat,"  Memoirs  of  the  Wistar  Institute,  No.  6 

(2ded.;  Philadelphia). 
Ebbecke,  U.   19 1 9.  Die  kortikalen  Erregungen  (Leipzig). 

177 


178  INTELLIGENCE  AND  THE  BRAIN 

Feuchtwanger,  E.  1923.  "Die  Funktionen  des  Stirnhirns,  ihre  Patholo- 
gic und  Psychologie,"  Motiogr.  a.  d.  Ges.  d.  Neurol,  u.  Psychiat., 
XXXVIII,  iv+194. 

Flourens,  p.  1842.  Recherches  experimentales  sur  les  proprietes  et  les 
fonctions  du  systeme  nerveux  (Paris). 

Fortuyn,  a.  E.  B.  D.  1Q14.  '"Cortical  Cell-Laminations  of  the  Brains  of 
Some  Rodents,"  Arch.  Neiir.  and  Psychiat.   (London),  VI,  221-354. 

Franz,  S.  I.  1902.  "On  the  Functions  of  the  Cerebrum:  i.  The  Frontal 
Lobes  in  Relation  to  the  Production  and  Retention  of  Simple  Sensory- 
Motor  Habits,"  Amer.  Jour.  Physiol.,  VIII,  1-22. 

.    1907.   "On  the  Functions  of  the  Cerebrum.   The  Frontal  Lobes," 

Arch,  of  Psychol.,  No.  2,  pp.  1-64. 

.   1911.  "On  the  Functions  of  the  Cerebrum:  The  Occipital  Lobes," 

Psychol.  Mono.,  XIII,  No.  56,  1-118. 

.    1915a.    "Symptomatological  Differences  Associated  with  Similar 

Cerebral  Lesions  in  the  Insane,"  ibid.,  XIX,  No.  i,  1-80. 

.    19156.    '"Variation  in  Distribution  of  the  Motor  Centers,"  ibid.. 


pp.  80-162. 
Franz,  S.  I.,  and  Lashley,  K.  S.   191 7.   "The  Retention  of  Habits  by  the 

Rat  after  Destruction   of  the  Frontal   Portion  of   the   Cerebrum," 

Psychobiol.,  I,  3-18. 
FucHS,  W.  "Untersuchungen  iJber  das  Sehen  der  Hemianopiker  und  Hemi- 

amblyopiker."  See  Gelb  und  Goldstein  below. 
Gelb,  a.,  und  Goldstein,  K.   1920.  Psychologische  A?ialysen  hirnpatholo- 

gischer  Fdlle  (Leipzig) . 
Goldstein,  K.    1923.    "Die  Topik  der  Grosshirnrinde  in  ihrer  klinischen 

Bedeutung,"  Dtsch.  Zschr.  /.  Nervenheilk.,  LXXVII,  7-124. 
.    1924.    "Das  Wesen  der  amnestischen  Aphasie,"  Schweiz.  Arch.  j. 

Neurol,  u.  Psychiat.,  XV,  163-75. 
Goldstein,  K.,  und  Gelb,  A.    1918.  "Uber  den  Einfluss  des  vollstandigen 

Verlustes  des  optischen  Vorstellungsvermogens  auf  das  taktile  Erken- 

nen,"  Zschr.  f.  d.  ges.  Neurol,  u.  Psychiat.,  XLI,  1-142. 
Goltz,  F.   i88ifl.  "Uber  die  Verrichtungen  des  Grosshirns,"  Arch.  f.  d.  ges. 

Physiol,  XXVI,  1-49. 

.   18816.    Uber  die  Verrichtungen  des  Grosshirns  (Bonn). 

Hamilton,  G.  V.   1916.   "A  Study  of  Perseverance  Reactions  in  Primates 

and  Rodents,"  Behavior  Mono.,  HI,  No.  13,  1-65. 
Hammarberg,  C.    1895.   Studien  Uber  Klinik  und  Pathologic  der  Idiotic 

(Upsala). 
Head,  H.    1923.   "The  Conception  of  Ner\^ous  and  Mental  Energy,"  Brit. 

Jour.  Psychol.,  Gen.  Sec.  XIV,  126-47. 

.   1926.  Aphasia  and  Kindred  Disorders  of  Speech  (New  York). 

Heidenhain,    a.     1927.     "Beitrag    zur    Kenntnis    der    Seelenblindheit," 

Monatschr.  f.  Psychiat.  u.  Neurol.,  LXVI,  61-116. 


BIBLIOGRAPHY  179 

Heron,  W.  T.  1922.  "The  Reliability  of  the  Inclined  Plane  Problem  Box 
as  a  Measure  of  Learning  Ability  in  the  White  Rat,"  Comp.  Psychol. 
Mono.,  I,  No.  I,  Part  I,  1-36. 

.    1924.    'Individual  Differences  in  Ability  Versus  Chance  in  the 

Learning  of  the  Stylus  Maze,"  Co?np.  Psychol.  Mo7W.,  II,  No.  8,  1-60. 

Herrick,  C.  J.  19260.   The  Braifis  of  Rats  and  Men  (Chicago). 

.   19266.  Fatalism  or  Freedom  (New  York). 

HiTZiG,  E.  1884.  "Zur  Physiologic  des  Grosshims,"  Archiv.  f.  Psychiat.  u. 
Nervenheilk.,  XV,  270-75. 

.    1903.    "Alte  und  neue  Untersuchungen  iiber  das  Gehim,"'  Archiv 

/.  Psychiat.  u.  Nervenkr.,  XXXVII,  277-609. 

Holmes,  G.,  and  Lister,  W.  T.  1916.  "Disturbances  of  Vision  from  Cere- 
bral Lesions  with  Special  Reference  to  the  Macula,"  Brain,  XXXIX, 
34~73- 

HoRSLEY,  V.  1907.  "Dr.  Hughlings  Jackson's  View  of  the  Function  of  the 
Cerebellum,"  Brit.  Med.  Jour.,  I,  803-8. 

HuBBERT,  H.  B..  and  Lashley,  K.  S.  191 7.  "Retroactive  Association  and 
the  Elimination  of  Errors  in  the  Maze."  Jour.  Animal  Behavior,  VII, 
130-3S. 

Hunter,  Dorothy.  1926.  "A  Study  in  Localization  of  a  Complex  Motor 
Habit  in  the  Albino  Rat."  Thesis,  University  of  Minnesota. 

Hunter,  W.  S.  1922.  "Correlation  Studies  with  the  Maze  with  Rats  and 
Humans,"  Comp.  Psychol.  Mono.,  I,  No.  i,  Part  II,  37-56. 

Hunter,  \V.  S.,  and  Randolph,  V.  1924.  "Further  Studies  on  the  Reliabil- 
ity of  the  Maze  with  Rats  and  Humans,"  Jottr.  Comp.  Psychol.,  IV, 
431-42- 

Johnson,  H.  M.  1913.  "Audition  and  Habit  Formation  in  the  Dog,"  Be- 
havior Mono.,  Vol.  II,  No.  8,  pp.  iv-)-78. 

.  1914.  "Visual  Pattern-Discrimination  in  the  Vertebrates.  II.  Com- 
parative Visual  Acuity  in  the  Dog,  the  Monkey  and  the  Chick,"  Jour. 
Animal  Behavior,  lY,  340-61. 

.  1916a.  'Visual  Pattern-Discrimination  in  the  Vertebrates.  III.  Ef- 
fective Differences  in  Width  of  Visible  Striae  for  the  Monkey  and  the 
Chick,"  ibid.,  VI,  169-88. 

.   19166.  '"Visual  Pattern-Discrimination  in  Vertebrates.  V.  A  Dem- 


onstration of  the  Dog's  Deficiency  in  Detail-Vision,"  ibid.,  pp.  205-21. 
Kappers,  C.  U.  a.    1 91 7.    '"Further  Contributions  on  Neurobiotaxis.    No. 

IX.    An  Attempt  to  Compare  the  Phenomena  of  Neurobiotaxis  with 

Other  Phenomena  of  Ta.xis  and  Tropism.  The  Dynamic  Polarization  of 

the  Neuron,"  Jonr.  Comp.  N enrol.,  XX\TI,  261-98. 
Kluver,  H.   1927.   'Visual  Disturbances  after  Cerebral  Lesions,"  Psychol. 

Bull.,  XXIV,  316-58. 
KoHLER,  W.  1921.  IntelligenzprUfungen  an  Menscheftaffen  (Berlin). 


i8o  INTELLIGENCE  AND  THE  BRAIN 

KoFFKA,  K.  1925.  The  Growth  of  the  Mifid  (New  York). 

Kuo,  Z.  Y.  1922.  "The  Nature  of  Unsuccessful  Acts  and  Their  Order  of 
Elimination  in  Animal  Learning,"  Jour.  Comp.  Psychol.,  II,  1-27. 

Landis,  C.  1924.  "Studies  of  Emotional  Reactions.  II.  General  Behavior 
and  Facial  Expressions,"  Jour.  Comp.  Psychol.,  IV,  447-511. 

Lashley,  K.  S.  1912.  "Visual  Discrimination  of  Size  and  Form  in  the  Al- 
bino Rat,"  Jour.  Animal  Behavior,  II,  310-31. 

.    1915.   "Notes  on  the  Nesting  Activities  of  the  Noddy  and  Sooty 

Terns,"  Carnegie  Inst.  Washington  Pub.  No.  211,  pp.  61-83. 

•.    1917.   "The  Accuracy  of  Movement  in  the  Absence  of  Excitation 

from  the  Moving  Organ,"  Amer.  Jour.  Physiol.,  XLIII,  169-94. 

.  1918.  "A  Simple  Maze:  With  Data  on  the  Relation  of  the  Dis- 
tribution of  Practice  to  the  Rate  of  Learning,"  Psychobiol.,  I,  353-67. 

.    1920.    "Studies  of  Cerebral  Function  in  Learning,"  ibid.,  II,  55- 

135- 

.  1921a.  "Studies,  ....  II.  The  Effects  of  Long  Continued  Prac- 
tice upon  Cerebral  Localization,"  Jour.  Comp.  Psychol.,  I,  453-68. 

.    19216.    "Studies,  ....  III.  The  Motor  Areas,"  Brain,  XLIV, 

255-86. 

■.    1922.    "Studies,  ....  IV.  Vicarious  Function  after  Destruction 

of  the  Visual  Areas,"  Amer.  Jour.  Physiol.,  LIX,  44-71- 

.    1923.   "Temporal  Variation  in  the  Function  of  the  Gyrus  Precen- 

tralis  in  Primates,"  ihid.,  LXV,  585-602. 

.   1924a.   "Studies,  ....  V.   The  Retention  of  Motor  Habits  after 

the  Destruction  of  the  So-called  Motor  Areas  in  Primates,"  Arch. 
Neurol,  and  Psychiat.,  XII,  249-76. 

.  1924&.  "Studies,  ....  VI.  The  Theory  that  Synaptic  Resist- 
ance Is  Reduced  by  the  Passage  of  the  Nervous  Impulse,"  Psychol. 
Rev.,  XXXI,  369-375- 

1926.   "Studies,  ....  VII.  The  Relation  between  Cerebral  Mass, 


Learning,  and  Retention,"  Jour.  Comp.  Neurol.,  XLI,  1-58. 

Lashley,  K.  S.,  and  Ball,  Josephine.  1929.  "Spinal  Conduction  and  Kin- 
aesthetic  Sensitivity  in  the  Maze  Habit,"  Jour.  Comp.  Psychol.,  IX, 
70-106. 

Lashley,  K.  S.,  and  Franz,  S.  I.  191 7.  "The  Effects  of  Cerebral  De- 
struction upon  Habit  Formation  and  Retention  in  the  Albino  Rat," 
Psychobiol.,  I,  71-139. 

Lashley,  K.  S.,  and  McCarthy,  Dorothea  A.  1926.  "The  Survival  of  the 
Maze  Habit  after  Cerebellar  Injuries,"  Jour.  Comp.  Psychol.,  VI,  423- 

33- 
Liggett,  J.  R.   1928.  "An  Experimental  Study  of  the  01factor\'  Sensitivity 
of  the  White  Rat,"  Genetic  Psychol.  Mono.,  Ill,  No.  i,  1-64. 


BIBLIOGRAPHY  i8i 

LoEB,  J.  1884.  "Die  Sehstorungen  nach  Verletzungen  der  Grosshirnrinde," 
Arch.  f.  d.  ges.  Physiol.,  XXXIV,  6--i-j2. 

.    1886.    "Beitrage  zur  Physiologic  des  Grosshirns,"  ibid.,  XXXIX, 

pp.  265-346. 

.  1902.  Comparative  Physiology  of  the  Brain  and  Comparative  Psy- 
chology (New  York). 

.    1912.    "Die  Bedeutung  derAnpassung  der  Fische  an  den  Unter- 


grund  fiir  die  Auffassung  des  Mechanismus  des  Sehens,"  Zentbl.  /. 

Physiol., XXV,  1015-17. 
LuciANi,  L.  Human  Physiology  (New  York). 
LuciANi,  L.,  und  Seppili,  G.    1S86.    Die  Functions-Localisation  auf  der 

Grosshirnrinde  (Translated  by  Fraenkel;  Leipzig). 
McDouGALL,  W.    1903.    "The  Nature  of  Inhibitory  Processes  within  the 

Ner\'ous  System,"  Brain,  LII,  153-91. 

.   1923.  Outline  of  Psychology  (Kew  York). 

Marie,  P.    1906.    "Revision  de  la  question  de  Taphasie,"  Sem.  Med.,  pp. 

241-47. 
Marie,  P.,  et  Chatelin,  C.    1914-15.   "Les  troubles  visuel  dus  aux  lesions 

des  voies  optiques  intracerebrales  et  de  la  sphere  visuelle  corticale  dans 

les  blessurcs  du  crane  par  coup  de  feu,"'  Rev.  neurol.,  XXVIII,  882- 

925- 
Mast,  S.  O.,  and  Pusch.  L.  C.     1924.    "Modifications  of  an  Amoeba," 

Biol.  Bull.,  XLVI,  55-59. 
Miles,  W.   R.     1927.    "The   Narrow-Path   Elevated   Maze  for   Studying 

Rats,"  Proc.  Soc.  Exp.  Biol,  and  Med.,  XXIV,  454-56. 
Minkowski,  M.    1911.   "Zur  Physiologie  der  Sehsphare,"  Arch.  f.  d.  ges. 

Physiol.,  CXLI,  171-327. 
.   191 7.   "Etude  physiologique  des  circonvolutions  rolandique  et  pa- 
rietal,'' Arch.  Suisse  de  Neurol,  et  Psychiat.,  I,  389-459. 
MoxAKOW,  C.  VON.   1905.  Gehirnpathologie  (Wien). 

.  1914.  Die  Lokali::aiion  im  Grosshirn  (Wiesbaden). 

MouTiER,  F.   1908.  L'aphasie  de  Broca  (Fans) . 

MuLLER,  H.   1911.   "Zur  Okonomie  des  Lernens  bei  geistesschwachen  Per- 

sonen,"  Klittick  f.  psych,  u.  ?terv.  Krankh.,  VI,  121-57. 
MuNK,  H.   1881.  Uber  die  Funktionen  der  Grosshirnrinde  (Berlin). 
.  1890.  "Of  the  Visual  Area  of  the  Cerebral  Cortex,  and  Its  Relation 

to  Eye  Movements,"  Brain,  XIII,  45-70. 

.   1909.   Uber  die  Fimktionen  von  Him  und  Riickcjimark  (Berlin). 

Panici,  L.    1903:   "Sulla  sede  del  centro  psichico  della  visione  nelle  scim- 

mie,"  Arch,  per  le  scienze.  med.,  XXVII,  141-72. 
Pavlov,  I.  P.  1927.  Conditioned  Reflexes  (Oxford  Press). 


1 82  INTELLIGENCE  AND  THE  BRAIN 

Peterson,  J.  1917.  ''The  Effect  of  Length  of  Blind  Alleys  upon  Maze 
Learning,"  Behavior  Mono.,  IIL  No.  4,  1-53. 

Pick,  A.    1913.  Die  agrammatischen  Sprachstorungen  (Berlin). 

PiERON,  H.   1923.  Le  cerveau  et  le  pensee  (Paris). 

Pike,  F.  H.  1918.  "Remarks  on  von  Monakow's  Die  Lokalisation  im  Gross- 
hini,"  Jour.  Covip.  Neurol.,  XXIX,  485-509. 

PoppELREUTER,  W.  1917.  Die  psychisc/iefi  Sc/iddigungeti  diirch  Kopfschiiss 
(Leipzig). 

.    1923.    "Zur  Psychologie  und  Pathologic  der  optischen  Wahrneh- 

mung."  Zschr.  f.  d.  ges.  Neurol,  u.  Psychiat.,  LXXXIIL  26-152. 

ScHAFER,  E.  A.  "The  Cerebral  Corte.x,"  in  Schafer's  Textbook  of  Physiolo- 
gy (Edinburgh). 

ScHAFER,  E.  A.,  and  Brown,  Sanger.  1888.  "An  Investigation  into  the 
Functions  of  the  Occipital  and  Temporal  Lobes  of  the  Monkey's  Brain," 
Philos.  Trans.  Roy.  Soc,  Ser.  B,  CLXXIX,  303-29. 

Sherrington,  C.  S.  1906.  The  Integrative  Action  of  the  Nervous  System 
(New  York). 

Slonaker,  J.  R.  1897.  "A  Comparative  Study  of  the  Area  of  Acute  Vision 
in  Vertebrates,"  Jour.  Morphol.,  XIII,  445-503. 

Smith,  E.  M.  191 2.  "Some  Observations  Concerning  Color  Vision  in 
Dogs,"  Brit.  Jour.  Psychol.,  V,  119-203. 

Spearman,  C.   1927.  The  Abilities  of  Man  (New  York). 

Stone,  C.  P.  1922.  "The  Congenital  Sexual  Behavior  of  the  Young  Male 
Albino  Rat,"  Jour.  Comp.  Psychol.,  II.  95-153. 

.   1923.   "Further  Studies  of  Sensory  Functions  in  the  Activation  of 

Sexual  Behavior  in  the  Young  Male  Albino  Rat,"  ibid.,  Ill,  469-73. 

Stone,  C.  P.,  and  Nyswander,  D.  B.  1927.  "The  Reliability  of  Rat  Learn- 
ing Scores  from  the  Multiple-T  Maze  as  Determined  by  Four  Different 
Methods,"  Ped.  Sem.  and  Jour.  Genetic  Psychol.,  XXXIV,  497-524. 

Szymanski,  J.  S.  1918.  "Versuche  iiber  die  Fahigkeit  der  Hunde  zur  Bild- 
ung  von  optischen  Association,"  Arch.  f.  d.  ges.  Physiol.,  CLXXI,  317- 

Thorndike,  E.  L.   1913.  Educational  Psychology  (New  York). 

.   1926.   The  Measurement  of  Intelligence  CSew  York). 

Tolman,  E.  C.   1924.   "The  Inheritance  of  Maze  Learning  Ability  in  Rats," 

Jour.  Comp.  Psychol.,  IV,  1-18. 
.    1925a.    "Purpose  and  Cognition:    The  Determiners  of  Animal 

Learning,"  Psychol.  Rev.,  XXXII,  285-97. 
•.   19256.   "Behaviorism  and  Purpose,"  Joiir.  Philos.,  XXII,  36-41. 


Tredgold,  a.  F.  1903.  "Amentia  (Idiocy  and  Imbecility),"  Arch.  Neurol., 
Loiidon  County  Asylums,  II,  328-423. 

V'iNCENT,  S.  B.  191 5.  "The  White  Rat  and  the  Maze  Problem.  II.  The  In- 
troduction of  an  Olfactory  Control,"  Jour.  Animal  Behavior,  V,  140-57. 


BIBLIOGRAPHY  183 

ViTzou,  A.  N.  1S93.  "Effets  de  I'ablation  totale  des  lobes  occipitaux  sur  la 
vision  chez  le  chien,''  Arch,  de  physiol.,  norm,  et  pathol.,  V,  688-q8. 

.   1897.   "Le  neoformation  des  cellules  nerveuses  dans  le  cerveau  du 

singe  consecutive  a  I'ablation  complete  des  lobes  occipitaux,"  ibid.,  IX, 

29-43- 
.    i8g8.    "Recuperation  de  la  vue  perdue  a  la  suite  dune  premiere 


ablation  totale  des  lobes  occipitaux  chez  les  singes,"  Proc.  IV  Int.  Cong. 
Physiol.;  Jour.  Physiol.,  XXIII,  57-59. 

Warden,  C.  J.,  and  Warner,  L.  H.   1928.  "The  Sensory  Capacities  and  In- 
telligence of  Dogs,  with  a  Report  on  the  Ability  of  the  Noted  Dog 
'Fellow'  to  Respond  to  Verbal  Stimuli,"  Qiiar.  Rev.  Biol.,  Ill,  1-28. 
1-28. 

Washburn,  M.  F.   1916.  Movement  and  Mental  Imagery  (New  York). 

Watson,  J.  B.  1907.  "Kinaesthetic  and  Organic  Sensations:  Their  Role  in 
the  Reactions  of  the  White  Rat  to  the  Maze,"  Psychol.  Mono.,  VIII, 
No.  2  (vi-|-ioo). 

.  1909.  "Some  Experiments  Bearing  upon  Color  Vision  in  Mon- 
keys," Jour.  Camp.  Neurol,  and  Psychol.,  XIX,  1-28. 

Weaver,  H.  E.,  and  Stone,  C.  P.  1928.  "The  Relative  Ability  of  Blind  and 
Normal  Rats  in  Maze  Learning,"  Jour.  Genetic  Psychol.,  XXXV,  157- 
76. 

Weiss,  P.  1924.  "Die  Funktion  transplantierter  Amphibienextremitaten. 
Aufstellung  einer  Resonanztheorie  der  motorischen  Xerventatigkeit  auf 
Grund  abgestimmter  Endorgane,"  Arch.  j.  mikrosk.  Anat.,  CII,  645-72. 

.  1926.  "The  Relation  between  Central  and  Peripheral  Co-ordina- 
tion," Jour.  Camp.  Neurol.,  XL,  241-52. 

Yerkes,  R.  M.  1916.  "A  New  Method  of  Studying  Ideational  and  AUied 
Forms  of  Behavior  in  Man  and  Other  Animals,"  Proc.  Nat.  Acad.  Sci., 
II,  631-34. 

.    1927.   "The  ]Mind  of  a  Gorilla,"  Genetic  Psychol.  Mono.,  II,  Nos. 

1-2,  1-193. 


INDEX 


Adrian,  i66 
Amnestic  aphasia,  156 
Association  areas,  6 
Auditory  region,  51 

Ball,  114,  136 

Behavior  Research  Fund,  vii 

Bechterew,  145,  150 

Bernheimer,  145,  148 

Bianchi,  8-9,  10,  131,  142,  148-50,  155 

Blindness,  1 1 1 ;  psychic,  144,  147 

Bolton,  7 

Bouman,  153-55 

Brightness  discrimination.  See  Tests 

Broadbent,  6 

Brown,  149,  161 

Cameron,  74 

Capacity  to  learn,  27.   See  also  Lesions 

Carr,  29,  136 

Cerebral  function,  70,  142,  151  ff.;  dog, 

142  ff . ;  mass  factor  in,  i ;  monkey,  149 

ff . ;  specificity  of,  122 
Cerebral  lesions.   See  Lesions 
Cerebral    localizations,     161.   See    also 

Lesions 
Chatelin,  151 
Child,  167 
Correlations,     21  ff.,     61,    68  ff.,     107; 

analysis  of,  65;  spurious,  62,  loi 

Deterioration,    35;    degree    of,    61  ff.; 

learning  in,  81  ff.;  nature  of,  132  ff.; 

permanence  of,  48  ff. ;  types  of,  116  ff. 
Detweiler,  159 
Diaschisis,  loi,  103 
Donaldson,  48 

Double-platform  bo.x.   See  Tests 
Dynamic  theories,  164 

Ebbecke,  164 
Ebbinghaus,  77 
Equipotentiality,  25 
Equilibrium,  disturbance  of,  25 

Feuchtwanger,  9 
Flechsig,  6 
Flourens,  4,  148 


Fortuyn,  50 

Franz,  9,  24,  86-87,  120,  132,  135,  149- 

50,  162 
Fuchs,  153 

Gall,  6 

Gelb,  112,  153 

Gestalt  school,  3,  13 

Goldstein,  112,  154-55 

Goltz,  4,  II,  142,  144,  148-49 

Griinbaum,  153-55 

Hamilton,  29 

Hammarberg,  7 

Head,  153-55,  162,  165-66 

Heidenhain,  156 

Heron,  20 

Herrick,  xi,  i,  50,  69 

Hitzig,  6,  10,  142,  145,  148 

Holmes,  151 

Hunter,  20,  28,  87,  121,  132 

Incline  box.   See  Tests 

Identical  elements,  172 

Institute  for  Juvenile  Research,  vii 

Intelligence:  criteria  of,  12;  in  dog,  148; 
in  monkey,  150;  theories  of,  neuro- 
logical, 3  ff.;  theories  of,  psychologi- 
cal, I  ff . ;  see  Theories 

Johnson,  143,  149 

Kappers,  125,  167-68 
Kliiver,  10,  152 
Koffka,  3 
Kuo,  137 

Lashley,  16,  18,  24-25,  28,  60,  86-87 
loi,  103,  114,  120,  122,  132,  135-37 
148,  158-59,  162,  170 

Learning:  ability,  109;  curves,  82  ff. 
initial,  iii 

Lesions,  132,  Plates  I-XI;  effect  of,  27 
55,  76,  86  ff.,  100;  extent  of,  61  ff. ;  74 
121,  Plates  I-XI;  subcortical,  64,  105 

Liggett,  113 

Lister,  151 

Localization:  of  habit,  86  ff.;  variation 
in,  24 


i8s 


i86 


INTELLIGENCE  AND  THE  BRAIN 


Locus  of  injury,  122;   influence  on  re- 
tardation, 49,  91,  117,  141 
Loeb,  5,  II,  142,  144,  148-49,  161 
Luciani,  142,  144 

McCarthy,  114-15 

McDougall,  I,  164 

Marie,  151,  153 

Mass  function,  25,  88 

Mast,  13 

Maze.   See  Tests 

Mental  energy,  164 

Methods:  anatomical,  16;  graphic,  18; 
reliability  of,  20;  special,  89;  statisti- 
cal, 18;  surgical,  16 

Minkowski,  142,  146-47,  162 

Monakow,  6,  10,  24,  49,  102,  140,  148, 
153,  155 

Motor  region,  53 

Moutier,  153-54 

Miiller,  72 

Munk,  5-6,  10,  112,  123,  142-43,  147, 
149 

Nervous  energy,  164 
Neural  mechanisms,  157 
Neural  organization,  167 
Neural  potency,  166 
Nyswander,  20 

Orbeli,  143 
Osier,  William,  vii 

Panici,  150 

Pavlov, 127, 142-43,  146, 149 

Peterson,  137 

Pick,  153 

Pieron,  151,  165 

Pike,  166 

Poppelreuter,  88,  147,  153,  163 

Pusch,  13 

Randolph,  20 

Retardation,  1322.,  1382.;  degree  of, 

74 
Retention.  See  Tests 

Schafer,  149 

Sense-privation,    no;     audition,    113; 

motor,  115;  olfaction,  112;  touch,  112: 

vision,  no 
Sensoripsychic,  q 


Sensory  spheres,  6 
Seppili,  142,  144 
Shenger-Krestovnikova,  143 
Sherrington,  125 
Slonaker,  143 
Smith,  143 

Somesthetic  region,  52 
Spearman,  2,  10 
Specific  shock,  24 
Spencer,  163 
Stone,  20,  158 

Synapse,  in  retention,  125  fif. 
Szymanski,  143 

Tests:  brightness  discrimination,  32,  75: 
averages,  42-43,  correlations  {see  Cor- 
relations), data,  59  ff.,  habits,  45  ff  , 
individual  records,  36  ff.,  initial  learn- 
ing, 46,  results,  120  ff.,  132,  retention 
of,  33,  46,  76  ff.,  100,  in;  incline  box, 
34,  75:  averages,  42-43,  individual 
records,  36  ff.,  results,  120  ff.,  132  ff.; 
maze  (I,  II,  III,  IV),  30  ff.:  averages, 
42-43,  correlations  {see  Correlations), 
data,  51  ff.,  58  ff.  habit,  136,  138, 
individual  records,  36  ff.,  learning  of, 
30-32.  106,  results,  120  ff.,  retention, 
32,  76  ff.,  91  ff,,  100,  in,  reversal,  32 

Theories  of  intelligence,  iff.,  172;  ag- 
gregate, 2;  aggregation,  5;  configura- 
tion hj^pothesis,  3;  dynamic,  4,  164; 
localization,  6;  reduplication,  129;  re- 
fle.x,  163;  two-factor,  2;  unit  factory,  i 

Thorndike,  2.  lo-ii,  123,  125 

Tolman,  i,  19-20 

Transitional  region,  54 

Treffer  method,  78 

Vicarious  function,  24 

Vincent,  113 

Visual  area,  53 

Visual  mechanisms,  143,  149 

Vlsuo-psychic  areas,  7 

Vlsuo-sensory  areas,  7 

Vitzu,  145,  150 

Warden,  143 
Warner,  143 
Washburn,  136 
Watson,  109,  136,  149 
Weiss,  159 

Verkes,  29 


[  PRINTED  "U 
IN    U  S  A  J 


PLATES  I-IV 

Diagrams  of  the  Lesions  in  the  Series  of  Cases  Tr.\ixe0  in  a  Variety  of 
Problems  after  Brain  Injury,  Arranged  in  the  Order  of  MAGN^TUDE 
OF  THE  Lesions.  For  Each  Diagram  the  Figure  to  the  Left  is  the 
Identification  Number  of  the  Case  Used  in  the  Tables  and  Text; 
That  to  the  Right,  the  Percentage  of  the  Cortex  Destroyed 
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PLATE  IV 


PLATES  V-X 

Diagrams  oy  the  Lesions  in  the  Series  of  Cases  Tested  for 

Postoperativt:  Retention  of  the  Habit  of  Maze  III, 

Arranged  as  Plates  I-R" 
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PLATE  Vn 


PLATE  VIII 


PLATE  IX 


PLATE  X 


PLATE  XI 

Figures  125-30:  Diagrams  of  Lesions  in  Bund  Animals.  Figures  131-33: 
Diagrams  of  Lesions  in  Animals  Which  Developed  Vestibular 
Infection.  Figures  134  and  135:  Progressive  Lesions 
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